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ABSTRACT 
 
The Water Erosion Prediction Project (WEPP) model has been widely tested for its 
ability to predict soil erosion, runoff, and sediment delivery over a very wide range of 
conditions and scales for both hillslopes and watersheds. However, WEPP has not been used 
to estimate nutrient loss, in particular phosphorus losses. It is well known that most of the 
phosphorus transported from cropland is attached to sediment; consequently management 
practices that reduce erosion and sediment transport could reduce phosphorus losses. 
Management practices like vegetative filter strips, grass barriers, and multispecies riparian 
buffers have been proposed to reduce the transport of sediment and nutrients from 
agricultural lands to streams. However, research has not specifically addressed the question 
of how different amounts of perennial vegetative cover distributed in the landscape could 
affect soil loss and water quality. The first objective of this dissertation is to incorporate and 
test the ability of WEPP to estimate phosphorus loss with sediment at the watershed scale. 
The second objective is to study the effect of different landscape configurations on sediment 
yield and phosphorus loss using the WEPP model. The hypothesis related to the first 
objective is that WEPP can be coupled with a simple algorithm to simulate transport of 
phosphorus bound to sediment at the watershed outlet. Two hypotheses are related to the 
second objective. The first hypothesis is that increasing the amount of perennial cover 
located at the bottom of the hillslope will reduce sediment yield and phosphorus loss within a 
corn-soybean rotation at the watershed scale. The second hypothesis is that the strategic 
placement of perennial cover strips distributed in the hillslopes will reduce sediment yield 
and phosphorus export from the watershed compared to the same proportion of perennial 
cover located at the bottom of the hillslope. Two watersheds (side by side) in corn-soybean 
rotation were used to test the model. Watershed sizes were 5.05 and 6.37 ha. Total 
phosphorus (TP) loss at the watershed outlet were simulated as the product of TP in the soil 
(kg of TP kg-1 of soil), amount of sediment at the watershed outlet (kg of soil ha-1), and an 
enrichment ratio (ER) factor. One approach (P-empirical) estimated ER according to an 
empirical relationship, and the other approach used ER calculated by WEPP (P-WEPP). To 
address the first hypothesis of the second objective the scenarios were: 2.5% (2.5_B 
scenario), 5% (5_B scenario), 10% (10_B scenario), 15% (15_B scenario), and 20% (20_B 
 v
scenario) of the area converted to perennial cover and placed at the bottom of the hillslope. 
To address the second hypothesis of the second objective the scenarios included 10% of the 
area in perennial cover placed at the bottom of the hillslope (10_B scenario), 10% in 
perennial cover with 50% at the bottom of the hillslope and the other 50% placed 40 m 
upslope (10_S scenario), 10% in perennial cover where WEPP simulated maximum 
detachment (10_WEPP scenario), and 20% in perennial cover with 50% at the bottom of the 
hillslope and the other 50% at 40 m upslope (20_S scenario). The same baseline scenario was 
used to address both hypotheses of the second objective. This scenario corresponded to a 
corn soybean rotation. The t-test failed to reject the null hypothesis that there was no 
statistical difference between the mean measured and simulated TP loss. This was the case 
for both methods (p=0.49 and p=0.40, P-empirical and P-WEPP, respectively). The Nash-
Sutcliffe coefficient was 0.80 and 0.78 for the P-empirical and P-WEPP method, 
respectively. The inclusion of perennial cover at the bottom of the hillslope decreased the 
amount of sediment delivered to the channel; the reductions modeled for the various 
scenarios when compared to the baseline scenario were in the range of published field work. 
However, sediment yield and phosphorus losses at the watershed scale were affected by 
erosion in the channels. Doubling the amount of perennial cover from 10% to 20% placed at 
the bottom of the hillslope reduced the amount of sediments and total phosphorus with 
sediment on average by 34% and 32%, respectively. With 20% perennial cover, sediment 
yield was reduced on average by 38% and 74% compared to the baseline scenario for the 
20_S and 20_B scenarios, respectively. Within WEPP modeling limitations, this work 
suggested that placement at the bottom may provide the greatest benefit. 
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CHAPTER 1. GENERAL INTRODUCTION 
 
INTRODUCTION 
 
The agronomic benefits of phosphorus (P) to achieve optimum plant performance are 
well documented (Dodd and Mallarino, 2005). Raising P concentration in soil, also increases 
the potential transfer of this nutrient to soil solution and eventually to surface water (Maguire 
et al., 2005). This could affect the use of surface water for recreation, drinking, and wildlife. 
Elevated levels of soil P benefit crop production but may threaten water resources (Klatt et 
al., 2003). Determining the critical soil P levels that optimize both crop production and water 
quality for a given location and landform is critical as evidenced by recent legislative actions. 
Empirically determining optimum soil P concentrations for a large range of combinations 
involving crops, tillage, soil slopes, soil types, and distance from surface water bodies is not 
feasible. The use of a model to evaluate different land use management practices and their 
effects on on-site and off-site resources is necessary. 
The Water Erosion Prediction Project model (WEPP; Flanagan and Nearing, 1995) is a 
process-based model based on fundamental stochastic weather generation, hydrology, plant 
growth and plant residue decomposition, soil physics and erosion mechanics. It can be 
applied to landscape profiles as well as small watersheds and allows spatial and temporal 
estimation of soil loss. Laflen et al. (2004) summarized the WEPP accuracy on soil erosion 
and sediment yield at hillslope and watershed scales. However, WEPP has not been used to 
estimate nutrient losses, in particular phosphorus losses. 
It is well known that most of the phosphorus transport from cropland is attached to 
sediments (Carpenter et al., 1998), consequently management practices that reduce erosion 
and sediment transport could reduce phosphorus losses. In fact, different management 
practices have been proposed to reduce the transport of sediments and nutrients from 
agricultural lands to streams. These management practices included vegetative filter strips 
(Dillaha et al., 1989), grass barriers (Kemper et al., 1992), a combination of the two (Blanco-
Canqui et al., 2006) and multispecies riparian buffers (Schultz et al., 1995).  
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However, the research has not specifically addressed the question of how different amounts 
of perennial vegetative zones distributed in the landscape can affect soil losses and water 
quality. In other words, given a fixed amount of land to convert to perennial grasses, what the 
best placement of the perennial grasses is. 
Because the WEPP model has not been used to estimate phosphorus transport and the 
effect of different landscape configurations on soil losses and water quality at watershed 
scale, this dissertation has the following main objectives:  
• The first objective of this dissertation is to incorporate and test the ability of 
WEPP to estimate phosphorus losses with sediment at the watershed scale. 
• The second objective is to study the effect of different landscape 
configurations on sediment yield and phosphorus losses using the WEPP 
model.  
The hypothesis related to the first objective is that WEPP can be coupled with a simple 
algorithm to simulate phosphorus transport bound to sediment to the watershed outlet. Two 
hypotheses are related to the second objective. The first hypothesis is that increasing the 
amount of perennial cover located at the bottom of the hillslope will reduce sediment yield 
and phosphorus loss within a corn-soybean rotation at the watershed scale. The second 
hypothesis is that the strategic placement of perennial cover strips will reduce sediment yield 
and phosphorus export from the watershed compared to the same proportion of perennial 
cover located at the bottom of the hillslope.  
 
DISSERTATION ORGANIZATION 
 
This dissertation includes chapter 1 which includes an introduction and literature review. 
Chapter 2 includes the manuscript entitled “Modeling phosphorus transport in an agricultural 
watershed using the WEPP model” and chapter 3 includes the manuscript entitled “Effect of 
different landscape configuration on sediment yield and phosphorus losses using the WEPP 
model”. Finally, chapter 4 includes general conclusions and recommendations for future 
research. References cited in the general introduction, chapter 2, and chapter 3 will be listed 
at the end of each chapter. Three appendices are included. Appendix 1 contains information 
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about settings used by WEPP to generate precipitation breakpoint data, tillage and crop 
sequence, channel parameters used in WEPP, and an example of total phosphorus 
calculation. Appendix 2 contains precipitation, measured and simulated runoff, measured and 
simulated sediment yield, and measured and simulated total phosphorus bound to sediments. 
Appendix 3 contains maps that represent different scenarios implemented in chapter 3.  
 
LITERATURE REVIEW 
 
WEPP Model 
Soil erosion models are a powerful tool used by soil conservationists, agronomists, state 
and federal agencies to guide farmers’ choice of conservation practices that fit their needs in 
their specific field. An erosion model has to represent the effect of climate, soil, topography, 
and land use on soil loss. A set of equations represent these four factors mentioned 
previously. According to the model structure, Toy et al. (2002) distinguished three major 
types of erosion models: regression-derived, index-based, and process-based models. 
Regression-derived models use statistical regression procedures to fit an equation to a data 
set. These models should not be extrapolated to situations outside the dataset used to derive 
them. For index-based models or empirically based models each variable in the model 
represents the effect of that variable based on the value assigned to the index. These models 
are derived from an empirical database, and its application is bounded by the dataset used to 
derive the indices. Process-based models compute erosion using mathematical 
representations of fundamental hydrologic and erosion processes. Erosion processes are 
detachment by raindrop impact and water flow, transport by raindrop impact and water flow, 
and deposition by flow (Gerits et al., 1990). 
An empirically based soil erosion model is the Universal Soil Loss Equation, (USLE) 
(Wischmeir and Smith, 1965), RUSLE (Renard et al., 1997) and RUSLE2 (Foster et al., 
2003). These models are used by the Natural Resource Conservation Service (NRCS) for 
evaluate soil conservation practices required in plans for compliance to participate in federal 
programs (NRCS, 2006). However, a major limitation of these models is that they do not 
explicitly represent hydrologic and erosion processes, and are unable to satisfactorily apply 
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to different situations than those for which they were developed. In order to overcome those 
limitations and reflect the new knowledge on soil erosion process, the U.S. Department of 
Agriculture (USDA) initiated a research and development program to replace USLE with a 
new erosion model. The result was the creation of the Water Erosion Prediction Program 
(WEPP). WEPP was developed over an intense research period from 1985 to 1995 (Laflen et 
al., 1991) by four leading federal agencies – Agricultural Research Service (ARS), 
U.S.Forest Service (FS), Natural Resources Conservation Service (NRCS), and Bureau of 
Land Management (BLM). It continues to be improved and applied by these four agencies 
and is the tool of choice for soil erosion prediction by the FS, ARS, and BLM in applications, 
assessment and research issues.  
WEPP (Flanagan and Nearing, 1995) is a daily step, process-based, continuous 
simulation model for predicting runoff and soil erosion from hillslope and small watersheds. 
The WEPP hillslope model includes components for weather generation, winter hydrology, 
infiltration, overland flow hydraulics, water balance, crop growth, residue decomposition, 
soil parameters that affect hydrology and erosion, and erosion and sedimentation.  
The weather component utilizes mean daily precipitation, daily maximum and minimum 
temperature, mean daily solar radiation, and mean daily wind direction and speed. If the user 
has measured weather parameters, they can be input in the model and use to run the model. 
Otherwise, the weather component can generate those parameters. The number and 
distribution of precipitation events are generated using a two-state Markov chain model. 
Given the initial condition that the previous day was wet or dry, the model determines 
stochastically if precipitation occurs on the current day. A random number between 0 and 1 is 
generated and compared with the appropriate wet-dry probability. If the random number is 
equal or less than the wet-dry probability, precipitation occurs on that day. The rainfall 
duration for individual events is generated from an exponential distribution using the 
monthly means durations. The rainfall amount and rainfall duration is used by the infiltration 
component in order to compute rainfall excess, hence runoff. Daily maximum and minimum 
temperature, mean daily solar radiation, and mean daily wind direction and speed are 
sampled from a monthly normal distribution (Nicks et al., 1995). 
WEPP simulates frost and thaw development in the soil, snow accumulation and snow 
melting. The average daily values for temperature, solar radiation, and precipitation area used 
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to generate hourly temperature, radiation, and snowfall values in order to make more 
accurate predictions (Savabi et al., 1995). 
The Green and Ampt equation modified by Mein and Larson (1973) and Chu (1978) is 
implemented in the model in order to estimate infiltration. Before the model computes runoff 
the model adjusts the amount of excess rainfall by depression storage. The surface runoff is 
routed using two procedures. A semi-analytical solution of the kinematic wave equation is 
used for a single event, and an approximate method is used for the continuous mode (Stone et 
al., 1995). 
The water balance component uses input from the weather component, infiltration and 
growth model components to estimate soil water content in the root zone and 
evapotranspiration losses during the simulation period. Evapotranspiration is adjusted in a 
daily step (Savabi and Williams, 1995). The model uses the Penman (Penman, 1963) 
equation if daily radiation, temperature, wind and dew point temperature are available. When 
only solar radiation and temperature data are available WEPP uses the Priestly-Taylor 
method (Priestly and Taylor, 1972). 
The crop growth model predicts biomass accumulation as a function of heat units and 
photosynthetically active radiation based on the EPIC model (Williams et al., 1984). The 
objective of this component is simulate temporal changes in plant variables that influence the 
runoff and erosion processes. Potential growth is reduced by moisture and temperature stress. 
The variables computed are: growing degree days, mass of vegetative dry matter, canopy 
cover and height, root growth, leaf area index, and plant basal area (Arnold et al., 1995). 
The residue decomposition component estimates decomposition of flat residue mass, 
standing material, submerged residue mass, and dead roots mass. This information is used to 
adjust soil parameters that affect the soil erosion component (Stott et al., 1995). 
Different soil parameters that influence hydrology and erosion are used in the soil 
component. Random roughness decay following a tillage operation is predicted from a 
relationship including a random roughness parameter and the cumulative rainfall since last 
tillage. Oriented roughness results when the soil is arranged in a regular way by a tillage 
implement. Bulk density reflects the total pore volume of the soil and is used to update 
several infiltration parameters. Adjustment to bulk density are made due tillage operations, 
soil water content, rainfall consolidation, and weathering consolidation. Effective hydraulic 
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conductivity is a key parameter in the WEPP model and it adjusted over time. The interrill 
erodibility parameter is a measure of the soil resistance to detachment by raindrop impact and 
is adjusted by root biomass, freezing and thawing, canopy cover, residue cover, and sealing 
and crusting. The rill erodibility parameter is a measure of the soil resistance to detachment 
by concentrated rill flow. Critical shear stress is a threshold parameter defined as the value 
above which a rapid increase in soil detachment per unit increase in shear stress occurs 
(Alberts et al., 1995). 
The model uses a steady-state (Eq. [1]), sediment continuity equation to estimate net 
detachment or deposition (Flanagan and Nearing, 2000). Different relationships are used for 
calculation of rill detachment and interrill sediment delivery to the rill. Detachment occurs 
when transport capacity exceeds sediment load and shear stress exceeds critical shear stress, 
and deposition occurs when sediment load exceeds transport capacity. 
 
 
The main advantage of WEPP is that it allows spatial and temporal estimation of soil loss 
on the slope profile. Because it is a process-based model it can be extrapolated to conditions 
for which field testing is not feasible. In addition, it simulates sediment delivery, sediment 
characteristics, and also can be implemented in small watersheds. The WEPP watershed 
version is an extension of the WEPP hillslope model (Ascough II et al., 1996) that allows 
accommodating spatial and temporal variability in topography, soil properties, and soil 
management practices within a small watershed. The basic components in the watershed 
version are hillslopes, channels and impoundments. WEPP has been widely tested (Baffaut et 
al., 1998; Bjorneberg et al., 1999; Ghidey and Alberts, 1996; Kincaid and Lersch, 2001; Liu 
et al., 1997; Nearing et al., 1990; Tiwari et al., 2000; Zhang et al., 1996) for its ability to 
predict soil erosion, runoff and sediment delivery over a very wide range of conditions and 
scales for both hillslopes and watersheds. Liu et al. (1997) compared simulated to measured 
data from different small watersheds and their results are summarized in Table 1 and 2. They 
).s m (kg rill  theodelivery tsediment  interrill is  and ),s m (kg
 rate detachment rill is  (m), downslope distance is  ),s m (kg loadsediment  is  :where
[1]                                                                                                                  
1- 2-1-2-
1-1-
i
f
if
D
DxG
DD
dx
dG +=
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used the slope and intercept of the regression line as indicators of potential bias for the model 
predictions, and the coefficient of determination of the regression analysis as an indicator of 
variance about the best-fit line.  
Cochrane and Flanagan (1999) used the Nash-Sutcliffe (NS) coefficient of model 
efficiency as statistical criterion for evaluating runoff and sediment yield goodness of fit 
between measured and predicted values (Table 3). A NS value of one indicates a perfect fit 
between measured and simulated values and a value of zero indicates that the fit is as good as 
using the average value of the measured values for all events. The watersheds evaluated by 
Cochrane and Flanagan (1999) were the same as those evaluated by Liu et al. (1997), but the 
number of years considered in both analyses differed. 
Laflen et al. (2004) compared many of these results with expected ranges based on 
natural variability in soil erosion data (Nearing et al., 1999) and found that the model 
performed acceptably well. The expected range assumed that the variability in soil erosion 
rates was distributed normally about the measured value. The confidence interval was 
computed as the product of the t value for an infinite number of points and a selected 
probability level, the expected measured erosion rate, and the coefficient of variation. The 
coefficient of variation was a function of the erosion rate measured (Nearing et al., 1999).   
The WEPP model has been linked to Geographic Information Systems (GIS) with the 
release of the Geo-spatial interface (GeoWEPP) (Renschler, 2003). The advantage of linking 
the WEPP model to GIS is that the vast amount of hillslope specific model input parameter 
sets can be efficiently determined for large watersheds by using appropriate spatial 
algorithms and GIS data from internal or commonly available sources (Renschler and 
Harbor, 2002). GeoWEPP enables users to derive the spatial distributed slope characteristic 
based on various sources of Digital Elevation Models (DEM) such as the ones provided by 
the U.S. Geological Survey and those derived from a topographic survey or standard output 
of a precision agricultural unit (Renschler et al., 2002). 
Presently, WEPP is a model for estimating soil erosion and sediment delivery only. 
However since its release in 1995, there has been considerable interest in adding a chemical 
loss element to it. Baker et al. (2001) proposed a phosphorus index using the WEPP model. 
The proposed phosphorus index would take into account soil phosphorus content, modeled 
soil loss and enrichment ratio by the WEPP hillslope model, and a factor that considers the 
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ratio of the soil reaching the stream to that eroded from the field. Vining et al. (2001) 
proposed the use of the WEPP watershed model version to estimate phosphorus losses at the 
watershed outlet. The proposed phosphorus load equation multiplied the simulated sediment 
yield, soil phosphorus content, and an empirical correction factor. However, none of these 
studies test predicted phosphorus losses against measured phosphorus losses. 
 
Phosphorus transport 
Transport of phosphorus (P) from agricultural fields refers to P movement with flowing 
water after the P has been mobilized (Gburek et al., 2005). Mobilization is considered the 
initiation of P movement. Two processes mobilize P: solubilization and physical detachment 
of soil particles (Haygarth and Jarvis, 1999). 
The eroded soil usually has a greater concentration of nutrients than the soil from which 
it comes. This enrichment (Eq. [2]) results from selective erosion of fine soil particles. The 
ratio between the P concentration in sediment to that in source soil is known as the P 
enrichment ratio (PER). 
 
 
If the degree of P enrichment is known, the amount of nutrient attached to sediments can be 
estimated. Several authors have studied the relation between sediment concentration in runoff 
water or sediment yield, and the degree of enrichment of those sediments with P at different 
scales from plot to watershed scale. The relationship for total phosphorus (TP) enrichment 
ratio reported is the form: Ln(PER) = a +b* Ln(Sed). Where a and b are empirical 
parameters, PER is TP enrichment ratio, and Sed is sediment in kg ha-1. Menzel (1980) 
summarized information from different studies and proposed an empirical relationship (Eq. 
[3]) to estimate a phosphorus enrichment ratio for TP at the watershed outlet.  
ly.respective method, analytical
anby  determined phosphorus and ratio enrichment phosphorus are  and  :where
[2]                                       
 soilin ion concentrat 
sedimentin ion concentrat                                           
PPER
P
PPER =
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Menzel (1980) suggested that the previous relation holds for a wide range of soil and  
land uses. Sharpley (1980) studied the effect of different soil texture, runoff amounts, and P 
soil content on the enrichment of soil TP in runoff in a laboratory study. The soils used in the 
study were Bernow (fine loamy, siliceous, thermic Glossic Paleudalfs), Houston Black (fine, 
montmorillonitic, thermic Udic Pellsterts), Kirkland (fine, mixed, thermic Udertic 
Paleustolls), Pullman (fine mixed, thermic Torrertic Paleustolls), and Woodward (course-
silty, mixed thermic Typic Ustochrepts). These represent the major soils types in Oklahoma 
and Texas. Based on this information Sharpley (1980) proposed Eq. [4]. 
 
 
Sharpley et al. (1982) used the relationship developed by Sharpley (1980) in small 
watersheds and obtained good agreement between mean annual measured and simulated TP 
concentration in sediments. It is important to state that the soils in the watersheds were the 
same as those used by Sharpley (1980). 
Sharpley and Kleinman (2003) obtained two relationships between TP enrichment ratio 
and sediment discharge of overland flow generated with two rainfall simulator types.  The 
rainfall simulators corresponded to the Water Erosion Prediction Project (WEPP) and the 
National Phosphorus Research Project (NPRP). Equations [5] and [6] describe the 
relationship for the WEPP and NPRP rainfall simulator respectively.  
 
 
These relationships (Eq. [5] and [6]) were developed for the Berks loam soil (loamy-skeletal, 
mixed, active, mesic Typic Dystrudept) and the Watson clay loam (fine-loamy, mixed, 
active, mesic, Typic Fragiudult) in Pennsylvania.  
( ) ( )
).ha (kgoutlet   watershedat theevent  runoff individualan in sediment  is :where
[3]                                            Ln2.02 Ln                                                
1-Sed
SedPER ×−=
( ) ( ) [4]                                     Ln27.048.2 Ln                                                SedPER ×−=
( ) ( )
( ) ( ) [6]                                   Ln207.050.1Ln                                                
[5]                                   Ln192.054.1 Ln                                                
SedPER
SedPER
×−=
×−=
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Laflen and Tabatabai (1984) related sediment concentration in surface runoff to the 
concentration of nitrogen and phosphorus in sediments. Their study was developed from 
small plots using a rainfall simulator.  Their relation had the form: C = a* S b, where C is 
nutrient concentration in sediments, S is sediment concentration, and a and b are constants. 
From their study, b values were –0.17 and –0.15 for the Clarion sandy loam and the Monona 
silt loam soil in Iowa, respectively. Additionally, they found that the tillage system used 
affected phosphorus and nitrogen concentration in sediments where eroded sediments from 
no-tillage plots had greater nutrient concentration than from moldboard plow. 
All these previously presented phosphorus enrichment ratios are empirical. Consequently, 
the use of these relations in a model and their application depends on the previous knowledge 
of the parameters involved in the equations.  
However, the WEPP model estimates enrichment ratio (Foster et al., 1995) for each soil 
erosion event based on the particle size distribution of the in-situ soil (Foster et al., 1985). 
The WEPP enrichment ratio (WER) is computed according to Eqs. [7], [8], and [9]. 
 
 
 
Values for the specific surface area used in the model computations were 0.05, 4.0, 
 20.0, and 1000.0 m2 g-1 for sand, silt, clay, and organic carbon, respectively (Foster et al., 
1980) 
 
 y.repectivel soil,situ -in   theof area surface specific and
sediments,  theof area surface specific ratio, enrichment are  and  , ,:where
[7]                                                                                                                  
soilsed
soil
sed
SSASSAWER
SSA
SSAWER =
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In addition, each time that the flow is routed through a deposition zone a new particle 
sized distribution is computed. Flanagan and Nearing (2000) provide a detailed description of 
the equation used in the model, as well as the results of some validation studies performed 
with the model. In general, WEPP equations predict reasonably well trends in particle size 
data, but predictions in individual particle sizes can be poor. 
Different studies evaluated the relationship between soil TP and clay-sized particles. Day 
et al. (1987) showed that the highest concentration of TP occurred in the clay sized particles. 
The landscape position also affected TP concentration in the clay sized fraction, increasing 
toward the lower parts of the landscape. Pierzynski et al. (1990) showed that soil TP was 
generally higher in the clay size fraction than in the sand and silt size fraction of eleven 
fertilized soils of USA. They reported only one exception where the sand fraction had the 
highest total phosphorus concentration. However, they did not confirm the presence of 
apatite as a possible source of phosphorus. McIsaac et al. (1991) suggested soil erosion 
models that estimate deposition and redistribution of soil particles coupled with knowledge 
of the distribution of chemical concentration by particle size to better understand the changes 
in nutrient enrichment ratios. Sharpley (1985) founded that phosphorus enrichment ratio was 
linearly related to clay enrichment ratio and specific surface area. In addition, Foster et al. 
(1985) suggested that enrichment ratio can be based on specific surface area as an index. 
Different models have been used to estimate phosphorus losses with sediment. The 
Chemicals, Runoff, and Erosion from Agricultural Management Systems model (CREAMS; 
Knisel, 1980) estimated total amount of TP bound to sediment at the watershed outlet as the 
product of TP soil content, simulated sediment yield at the watershed outlet, and TP 
enrichment ratio (Frere et al., 1980). TP enrichment ratio is computed according to the 
general equation (see Eq. [3]) proposed by Menzel (1980).  The Soil and Water Assessment 
[9]                                                                                   sediment. in the ly,respective matter,
organic and clay, silt, sand,for  are surface specific  theare  and ,,, and
 ly,respective class, particleeach for matter  organic andclay  silt, sand, region, detachment the
 leaving class size a of fractions  theare )( and ),(),(),(),( :where
73.1
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5
1
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tool model (SWAT, Arnold et al., 1998) calculated the amount of phosphorus transported 
bound to sediment according with Eq. [10], and it estimates phosphorus enrichment ratio as 
proposed by Menzel (1980). The Agricultural Non-point Source Pollution model (AGNPS, 
Young et al., 1989) estimates phosphorus losses with sediments with the same relationships 
implemented in CREAMS.  
 
 
Model performance 
Four steps are recognized in the developments of models. These steps are: 
conceptualization, formulation, programming and testing (McCuen and Snyder, 1986). The 
last step, testing, corresponds to examining how well the model performs against measured 
data. The difficulty in this last step is to determine how good is good enough.  
There is a lack of agreement among scientists about the most suitable set of 
measurements to determine the accuracy and precision of a model. Model accuracy is defined 
as the extent to which a model’s predicted events approach measured events. Model precision 
is defined as the degree in which the predicted event approaches a linear function of the 
measured events (Willmott et al., 1985).  
While different authors agree that model performance is determined by an array of 
different statistics, they disagree on which statistics should be part of the array. Fox (1981) 
identified two types of performance measures. They are measures of the difference between 
observed and modeled events and measures of the correlation. The first type includes 
average, variance, mean square error, and average absolute difference and the second type 
includes the coefficient of correlation. Willmott (1982) considered that the coefficient of 
correlation or the coefficient of determination should not be considered as a measure of 
model performance because they are not consistently related to the accuracy of the 
factor. ratio enrichment P  theis
  and ,sediments) of(tt day given  aon  yieldsediment     (ha), area  
soil), of  ttP (g mm 10  topin the sediments  toattached P ofion concentrat  theis 
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predictions. He suggested that any model performance analysis should include the root mean 
square error (RMSE) and the mean absolute error (MAE). In a recent paper, Willmott and 
Matsuura (2005) consider that MAE is a more natural measure of the average error than 
RMSE. The coefficient of residual mass (CRM) has been proposed as a criterion that 
indicates a model’s tendency towards over or under predictions (Loague and Green, 1991). 
Refsgaard and Knudsen (1996) used a set of criteria to study the performance of different 
hydrological models. The set includes a combination of graphical display of the data and 
numerical measures. The numerical measures include the Nash and Sutcliffe coefficient 
(Nash and Sutcliffe, 1970) and an index of agreement. This index of agreement has also been 
proposed by Wilmott (1982). Nearing et al. (1999) proposed that predicted soil losses would 
fall between the confidence interval around the measured soil erosion measure. They found 
that the coefficient of variation for replicated runoff erosion plots is a function of the 
measured soil erosion. Laflen et al. (2004) used the relationship developed by Nearing et al. 
(1999) to compare WEPP soil losses at hillslope and watershed level. As discussed above 
different statistical techniques are available to assess the goodness of performance of a model 
but none of them gives a complete answer. 
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Table 1. Results for regression analysis between measured and simulated event values of 
runoffa. 
  Runoff  No. of events 
 r2 Intercept Slope  
Watershed  
Chickasha, Okla. 0.54 1.67 0.79 34
Coshocton, Ohio. 0.14 4.71 0.27 4
Coshocton, Ohio. 0.01 3.70 0.17 6
Coshocton, Ohio. 0.11 9.14 -0.36 3
Holly Springs 1, Miss. 0.78 1.37 0.73 237
Holly Springs 2, Miss. 0.80 1.25 0.66 241
Holly Springs 3, Miss. 0.79 1.74 0.76 241
Riesel SW-12, TX. 0.68 1.98 0.76 57
Riesel W-12, TX. 0.69 2.34 0.70 117
Riesel W-13, TX. 0.65 1.54 0.90 83
Tifton, Ga. 0.41 4.24 0.34 46
Watkinsville P-1, Ga. 0.71 5.03 0.67 33
Watkinsville P-2, Ga. 0.85 3.50 0.84 21
Watkinsville P-3, Ga. 0.75 0.96 1.12 35
Watkinsville P-4, Ga. 0.75 1.39 0.93 36
Combined data 0.74 1.91 0.73 1194
a Data adapted from Liu et al. (1997). 
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Table 2. Results for regression analysis between measured and simulated event values of 
sediment yielda. 
  Sediment yield  No. of events 
 r2 Intercept Slope  
Watershed  
Chickasha, Okla. 0.81 0.00 0.90 34
Coshocton, Ohio. 0.09 0.24 0.03 4
Coshocton, Ohio. 0.20 0.08 17.61 6
Coshocton, Ohio. 0.88 0.02 -0.50 3
Holly Springs 1, Miss. 0.74 0.38 0.98 237
Holly Springs 2, Miss. 0.78 0.30 0.75 241
Holly Springs 3, Miss. 0.73 0.27 0.81 241
Riesel SW-12, TX. NA NA NA 0
Riesel W-12, TX. 0.02 0.07 0.09 117
Riesel W-13, TX. 0.14 0.05 0.39 83
Tifton, Ga. 0.14 0.16 0.17 46
Watkinsville P-1, Ga. 0.49 0.88 0.72 33
Watkinsville P-2, Ga. 0.89 0.35 0.62 21
Watkinsville P-3, Ga. 0.64 0.09 0.57 35
Watkinsville P-4, Ga. 0.90 0.05 0.93 36
Combined data 0.71 0.23 0.82 1137
a Data adapted from Liu et al. (1997). 
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Table 3. Nash-Sutcliffe model efficiency coefficient for event runoff and sediment yield in 
six watershedsa. 
 Nash-Sutcliffe coefficient No. of events Area (ha) 
 Runoff Sediment yield  
Watershed  
Watkinsville, P1 0.76 0.50 36 29.00
Watkinsville, P2 0.82 0.67 55 2.70
Holly Spring, WC1 0.64 0.84 284 1.29
Holly Spring, WC2 0.68 0.79 257 1.57
Holly Spring, WC3 0.77 0.23 255 0.59
Holly Spring, WC4 0.57 0.36 40 0.65
a Data adapted from Cochrane and Flanagan (1999). 
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CHAPTER 2. MODELING PHOSPHORUS TRANSPORT IN 
AN AGRICULTURAL WATERSHED USING THE WEPP 
MODEL 
 
A paper to be submitted to the Journal of Environmental Quality 
 
Mario Perez-Bidegain, Matthew J. Helmers, Richard M. Cruse 
 
ABSTRACT 
 
The Water Erosion Prediction Project (WEPP) model has been widely tested for its 
ability to predict soil erosion, runoff, and sediment delivery over a very wide range of 
conditions and scales for both hillslopes and watersheds. However, since its release in 1995, 
there has been considerable interest in adding a chemical loss element to it. The objective of 
this work was to incorporate and test the ability of WEPP to estimate total phosphorus (TP) 
loss with sediment at the small watershed scale. The hypothesis is that WEPP can be coupled 
with a simple algorithm to simulate phosphorus transport bound to sediment at the watershed 
outlet. The data used for model development and testing were obtained from a research 
project conducted between 1976 and 1980 by Iowa State University and the United States 
Environmental Protection Agency. Two watersheds (side by side) in corn-soybean rotation 
were used to test the model. Watershed sizes were 5.05 and 6.37 ha. Cornstalks were tilled 
with a moldboard plow in the spring for planting soybean, and soybean stubble was disked in 
the spring in preparation for corn planting. Weed control was completed mechanically early 
in the growing season. Comparisons between measured and simulated results are for the 
period April-October of each year. Total phosphorus loss at the watershed outlet were 
simulated as the product of TP in the soil (kg of TP kg-1 of soil), amount of sediment at the 
watershed outlet (kg of soil ha-1), and an enrichment ratio (ER) factor. One approach (P-
empirical) estimated ER according to an empirical relationship, and the other approach used 
ER calculated by WEPP (P-WEPP). The t-test failed to reject the null hypothesis that there 
was no statistical difference between the mean measured and simulated TP loss. This was the 
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case for both methods (p=0.49 and p=0.40, P-empirical and P-WEPP, respectively). The 
Nash-Sutcliffe coefficient was 0.80 and 0.78 for the P-empirical and P-WEPP method, 
respectively. It is critical for both methods that WEPP adequately represent the biggest 
sediment yield events so that the procedures tested can adequately simulate TP losses bound 
to sediment. 
 
INTRODUCTION 
 
Phosphorus is an essential nutrient to maintain plant growth and optimize crop yields 
(Kovar and Claassen, 2005). However, the loss of phosphorus through surface water runoff 
and attached to sediments could increase the risk of euthrophication of different water bodies. 
The effect of phosphorus on water body eutrophication and algal blooms has been 
extensively studied (Downing et al., 2001; Klatt et al., 2003). Given the increasing 
environmental concerns and regulatory pressure to reduce the amount of phosphorus 
transferred to water bodies the use of a model that evaluates impacts of different 
combinations of soil management practices on phosphorus transfer is necessary. 
Due to the fact that phosphorus can be strongly sorbed to soil particles, phosphorus 
associated with eroded materials usually is the main form of phosphorus entering surface 
water bodies on agricultural land (Ginting et al., 1998; Zhao et al., 2001). Because erosion is 
a selective process that preferentially transports the smaller particles (i.e., clay-sized), the 
transported soil particles are enriched with phosphorus compared with the source soil 
(Alberts et al., 1981). 
Frere et al. (1980) presented an algorithm (Eq. [1]) to predict the amount of phosphorus 
transported with sediments from field-sized areas or small watersheds. 
  
ly.respective model, aby  simulatedoutlet 
  watershedat thesediment  ofamount  and ratio, enrichment phosphorus soil, in thecontent 
 phosphorus outlet,  watershedat theha P of kg are  and , ,_ , :where
[1]                                        _                                                    
 1-SedPERPSoilPsed
SedPERPSoilPsed ××=
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While the Soil_P value can be measured, or modeled, and Sed is the output of an erosion 
model, PER needs to be estimated. Different authors (Menzel, 1980; Sharpley 1980; 
Sharpley et al., 1991; Sharpley and Kleinman 2003) have found a logarithmic relationship 
between the degree of phosphorus enrichment ratio with the amount of sediments discharged 
at the watershed outlet that holds for different soil textures, slope, crops, and scales. The 
equation has the following form: 
 
 
Sharpley et al. (2002) suggested the use of an equation like Eq. [2] to model phosphorus 
transport bound to sediment. However, Smith et al. (1993) suggested the use of a specific 
enrichment ratio equation when available. The use of an equation like Eq. [2] requires two 
empirical parameters that are site specific and unknown. Additionally, extrapolation of an 
empirical equation to conditions different than the ones that were used to generate it could 
introduce error in the phosphorus loss estimation.  
On the other hand, Sharpley (1985) found that the phosphorus enrichment ratio was 
linearly related to clay enrichment ratio and specific surface area. Considering this aspect,  
the WEPP model (Flanagan and Nearing, 1995) possess the capability to represent the 
movement of soil particles and computes particle enrichment ratio. The WEPP enrichment 
ratio is computed as the ratio of the sediment surface area over the in-situ soil surface area 
(Eq.[3]). It is clear that an algorithm like presented by Frere et al. (1980) has the potential to 
be used with WEPP to simulate phosphorus transport with sediment (Eq. [1]). In order to 
couple Eq. [1] with WEPP, the PER factor can be substituted by the enrichment ratio 
computed by WEPP using Eq. [3]. 
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Baker et al. (2001) simulated total phosphorus transport at hillslope scale using the 
WEPP model, however in their study WEPP estimations were not compared to actual 
measurements. Additionally, within the literature no studies were identified that simulate 
phosphorus transport within the WEPP model at the watershed scale. While WEPP has the 
strength of representing the erosion /sedimentation process, and incorporates the spatial and 
temporal configuration at hillslope and watershed scale, a phosphorus transport algorithm has 
not been tested with this model. However, development of a phosphorus transport algorithm 
with WEPP could expand its usefulness as a water quality model and usefulness for 
investigating water quality impacts of agricultural management practices. 
The hypothesis is that WEPP can be coupled with a simple algorithm to simulate 
phosphorus transport bound to sediment to the watershed outlet. 
The overall objective of this study was to incorporate and test the ability of WEPP to 
simulate total phosphorus loss with sediment at the small watershed scale. Specifically, two 
methods were compared to simulate phosphorus transport with sediments. One method uses 
an empirical approach to estimate phosphorus enrichment ratio, and the other method 
computes enrichment ratio based on WEPP. 
 
MATERIALS AND METHODS 
 
The data used for model development and testing were obtained from a research project 
conducted between 1976 and 1980 by Iowa State University and the United States 
Environmental Protection Agency (Johnson and Baker, 1982, and 1984). The project took 
place in Four Mile Creek watershed, Tama County, Iowa. The watershed is located at 42o 
12’N latitude and 92o 35’W longitude. Two watersheds (side by side) nested in Four Mile 
Creek watershed were used for this study. Figure 1 shows a topographic map of both 
watersheds. The size of the watersheds was 5.05 (watershed 1) and 6.37 (watershed 2) ha, 
respectively. The Tama silty clay loam soil (fine-silty, mixed, mesic Typic Argiudolls) was 
present in both watersheds, slopes range between 5% and 9%. Table 1 shows the 24-yr 
historical mean monthly precipitation and the monthly precipitation for the period 1976-
1980.  
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Both watersheds were in corn-soybean rotation. During the first year (1976) of the study, 
soybean and corn was planted in watershed 1 and watershed 2, respectively. These crops 
alternated between sites during the study. Cornstalks were tilled with a moldboard plow in 
the spring for planting soybean, and soybean stubble was disked in the spring in preparation 
for corn planting. Weed control was completed mechanically early in the growing season. 
A 1.22 m H-L flume was located at the outlet of both watersheds. Two FW-1 stage 
recorders were installed at each flume in order to provide time-stage data, which were 
converted to time-discharge relationship according to Brakensiek et al. (1979). A plywood 
approach box was constructed on the upstream edge of each flume to mix the runoff, and 
provide a symmetrical approach and a location where a sampler intake could withdraw a 
well-mixed sample. During runoff events greater than 0.15m in depth in flume, automatic 
pump samplers took samples of the runoff every 2 min. In case of a runoff event lower than 
0.15-m surface runoff samples were taken manually every 3 to 10 min. Samples of surface 
runoff were collected in both sites by PS-69 automatic samplers. Stainless steel well points 
were used as intakes for the PS-69 samplers. In order to maintain sample integrity, all 
samples were refrigerated until laboratory analyses were performed. 
Sediment samples were analyzed for total phosphorus using sulfuric acid hydrolysis 
Three times each year (spring, midsummer, and fall) during the growing season soil core 
samples were taken to 1.5 m in nine layers (0-0.01; 0.01-0.075; 0.075-0.15; 0.15-0.30; 0.30-
0.45; 0.45-0.60; 0.60-0.90; 0.90-1.20 and 1.20-1.50 m). These soil samples were analyzed for 
soil phosphorus concentration (Bray-I; Bray and Kurtz, 1945) and gravimetric water content 
analysis. The samples were taken at eight locations in each watershed. Soil bulk density 
values used to compute soil water content from 0-1.20 m are shown in Table 2. 
Taking pictures of the crops evaluated leaf canopy development each week throughout 
the growing season. The pictures were taken from the top of a 3.3 m stepladder, looking 
down onto the leaves of the crop. The pictures were placed over the top of a grid to 
determine the percentage of the area covered by leaf canopy. 
Six samples of the corn and soybean grain were taken at watersheds 1 and 2 at harvest 
time each year.  
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WEPP model input files 
The WEPP watershed interface, version 2006.5, was used for this research (Ascought II 
et al., 1997). Use of WEPP watershed model required obtaining, formatting and entering 
several databases into the model. This information was organized in different files required 
by WEPP. Those files included the weather input file, slope input file, management input 
file, soil input file, and channel input file. Each of the WEPP files is discussed below. 
Weather input file.  Total amount of precipitation, duration, and rainfall intensity were 
collected in a weather station located at the watersheds. Daily solar radiation, daily maximum 
and daily minimum air temperature for the period April through October of each year were 
collected at the same weather station used to collect precipitation information. Daily 
maximum and daily minimum air temperature for the period November through March of 
each year were from Grundy Center, IA weather station (IEM, 2007).  Daily values year 
round of wind direction, wind velocity, dew point, and the values for the period November 
through March of daily solar radiation, were generated by the WEPP weather generator, 
CLIGEN (Nicks et al., 1995), using data from the weather station located in Grundy Center, 
located approximately 10 km of the experimental site. The precipitation break point file was 
generated by the WEPP model from observed precipitation data. The settings used are shown 
in Appendix 1. 
Slope input file.  Topographic maps presented by Johnson and Baker (1982) were used 
to develop slope inputs files for hillslopes and channels. 
Management input file.  Tillage date and crop management sequences used in the 
management file are detailed in Appendix 1. Tillage specific parameters used were WEPP 
default values. Most of the corn and soybean specific parameters were the WEPP default 
values. The exception was the biomass energy ratio (BER), the harvest index (HI), and the 
root depth that were modified to adequately estimate biomass production and crop yield. 
These values were modified in order to minimize the difference between simulated and 
measured crop yield for each site. The actual BER and HI values used for each crop were the 
average between watersheds. The root depth was set to 1.20 m for corn and soybean in both 
watersheds. Table 3 shows measured and simulated crop yield by year and for both 
watersheds.  
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Soil input file.  Soil characteristics required by WEPP were obtained from USDA 
(1989). Interrill and rill erodibility, critical shear stress, and effective hydraulic conductivity 
value of the soils were calculated as described by Alberts et al. (1995). 
Channel input file.  The peak runoff calculation was based on the method used from 
EPIC model (Williams, 1995). The friction slope was calculated according with CREAMS 
(Knisel, 1980). Details of each channel are shown in Appendix 1. 
Figures 2 and 3 show the watershed configuration used by WEPP in the simulations for 
watershed 1 and 2, respectively 
The WEPP model ran in continuous mode and the watershed event-by-event output file 
generated by the model was used in the analysis. 
 
Runoff and sediment yield analysis 
Measured and modeled runoff and sediment were compared on an event and annual basis 
for each watershed from April through October of each year. During this period detailed in-
situ weather information existed to run WEPP model. This period comprises rainfall-runoff 
events, consequently runoff events generated by snowmelt were not considered in the 
analysis. Two analyses were considered in the comparison. One analysis considered only 
runoff events measured where the runoff was greater than zero (hereafter, measured), and the 
other includes all the runoff events where the measured and simulated runoff was greater 
than or equal to zero (hereafter, all events). 
Goodness of fit between measured and simulated events was assessed using different 
criteria. The criteria include the Nash-Sutcliffe (NS) coefficient (Nash and Sutcliffe, 1970), 
root mean square error (RMSE), and coefficient of residual mass (CRM) describe by Loague 
and Green (1991), and index of agreement (d) (Wilmott, 1982). The maximum value for the 
NS coefficient is one. Both CRM and NS coefficient can become negative. If NS coefficient 
is less than zero the model predicted values worse than simply using the observed mean. The 
d index is bounded between 0 and 1. High d values are desirable. 
The mathematical expressions that describe the NS coefficient (Eq. [4]), RMSE (Eq. [5]), 
CRM (Eq. [6]), and index of agreement (d) (Eq. [7]) are the following: 
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Regression analysis was conducted on an event-by-event basis to assess potential bias in 
the model predictions, and the coefficient of determination, r2, of the regression analysis was 
used as an indicator of the variance around the best-fit line. The regression analysis was 
conducted using the RGM procedure of SAS (SAS Inst., 1999). 
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Phosphorus transport model 
Total phosphorus bound to sediment was estimated using two different algorithms. The 
algorithms used are presented in Eqs. [8] and [9]. 
 
 
 
The algorithm presented in Eq. [8] (hereafter, P-empirical method) estimates the 
phosphorus enrichment ratio (PER) according to Menzel (1980). The mathematical 
expression to compute PER is shown in Eq. [10]. The coefficients (a and b) were 2.0 and –
0.2, respectively. The watershed event-by-event output was used to compute an event PER 
according to Eq. [10]. The algorithm presented in Eq. [9] (hereafter, P-WEPP method) 
estimated TP transported by sediments using the WEPP enrichment ratio (WER). The 
monthly watershed and event-by-event output generated by WEPP provided WER and 
sediment yield to estimate TP transport according to Eq. [9].  
 
Phosphorus transport model testing 
Model testing was done in those years in which the NS coefficient for runoff events was 
greater than zero. The justification is provided in results and discussion section. Total 
phosphorus bound to sediment was compared on an event-by-event basis. A t-test was 
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conducted to test the null hypothesis of no-difference between measured and simulated TP 
bound to sediment on an event basis. This analysis was conducted using the TTEST 
procedure of SAS (SAS Inst., 1999). Regression analysis was conducted using the event-by-
event data to assess potential bias for the model predictions and the coefficient of 
determination, r2, of the regression analysis was used as an indicator of the variance around 
the best-fit line. The regression analysis was conducted using the RGM procedure of SAS 
(SAS Inst., 1999). The Nash-Sutcliffe coefficient was used as a goodness of fit criterion. 
 
Phosphorus transport model sensitivity analysis 
Sensitivity is defined as the rate of change in one factor with respect to change in another 
(McCuen, 2003). A factor can be a model input or a model parameter. Sensitivity analysis 
enables assessment of the effect of input error and model parameter error in model output. 
The sensitivity analysis can be expressed in two forms: relative (Eq. [11]), and deviation (Eq. 
[12]) (McCuen, 2003). Relative sensitivity (Eq. [11]) values are invariant to the dimensions 
of the output and factor in consideration, therefore provide a valid means of comparing factor 
sensitivities. Deviation sensitivity is a measure in output that results from a change in a given 
factor. The deviation sensitivity has the same units as the model output. 
Sensitivity analyses were done independently of the WEPP model. The phosphorus 
transport model has three inputs; soil TP, sediment yield, and enrichment ratio (PER, or 
WER). In the case of the P-empirical method, two parameters are also necessary to estimate 
PER (see Eq. [10]). The sensitivity analysis was done for both methods, P-empirical and P-
WEPP  
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A 100-yr climate file was generated by CLIGEN with information from Grundy Center. 
WEPP was run using the same management practices reported previously for 100-yr and 
both watersheds in order to generate monthly WER values to use in the sensitivity analysis 
for the P-WEPP method. The maximum and minimum WER value at each level of sediment 
yield was used in the sensitivity analysis. 
Soil TP sensitivity analysis was done at different sediment yield levels using the extreme 
values reported by Fenton (1966) for the Four Mile Creek watershed. The values were 585 
and 812 ppm from 0-0.15 m depth. For the P-empirical method parameters a and b were held 
constant at 2.0 and –0,2, respectively, when performing soil TP sensitivity analyses In case of 
the P-WEPP method, soil TP sensitivity analysis was done at the maximum and minimum 
WER for a given sediment yield. 
The WEPP model provided sediment yield for the phosphorus transport model. Sediment 
yield input may range within the interval computed based on experimental variability. 
Sediment yield range was calculated as the product of the expected mean sediment yield and 
the coefficient of variation (CV). Coefficient of variation was computed according to 
Nearing et al. (1999). The relationship can be expressed as: CV = 0.73 * M-0.306 where M is 
sediment yield expressed in tt ha-1. For both methods, the soil TP was held constant at 585 
ppm. In case of the P-empirical method parameters a and b were held at 2.0, and –0.2, 
respectively. Sensitivity analysis for soil TP input and sediment yield input was done using 
Eqs. [11] and [12]. 
Parameter sensitivity analysis for the P-empirical method was done at soil TP content of 
585 ppm. Range of parameters used in the sensitivity analysis in P-empirical method are 
those published (Menzel, 1980; Sharpley, 1980; Sharpley 1985; Sharpley et al., 1985; 
Sharpley and Kleinman, 2003). Parameter a ranges between 0.8 and 3.0, and parameter b 
ranges between –0.01 and –0.7. When parameter a changed, parameter b was held at –0.2, 
and when parameter b was changed, parameter a was held at 2.0. Parameter deviation 
sensitivity was computed as the difference on the amount of TP estimated by the model at the 
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maximum and minimum value of the parameter in consideration. Parameter relative 
sensitivity was computed according with Eq. [13]. 
 
 
RESULTS AND DISCUSSION 
 
Runoff and sediment yield comparison 
Precipitation was below historical average in three out of the five years studied (Table 1). 
Additionally, the accumulative rainfall shows below average precipitation during the 
growing season, except in 1979 (Figure 4). Precipitation was the lowest in 1976.  
Adequate representation of the hydrology is necessary to adequately estimation of 
erosion/sedimentation processes (Nearing et al., 1990). In both watersheds, WEPP simulated 
a greater amount of runoff than was measured on an event basis (Table 4). Considering 
measured events, WEPP overpredicted the amount of runoff on an event basis by 83.5% and 
36.8% considering all events for watersheds 1 and 2, respectively. In spite of WEPP 
overpredicting the amount of runoff, only one indicator is insufficient to evaluate the 
performance of the model (Loague and Green, 1991; Green and Stephenson, 1986). Table 5 
shows different indicators of goodness of fit used to evaluate the model performance. Based 
on these measures overall the WEPP model had better performance in watershed 2. The slope 
of the regression line was not different than one and the intercept was different than zero 
independently of the number of points (measured events, or all events) considered in the 
regression analysis for both watersheds. Coefficient of determination, the intercept and the 
slope of the regression analysis were in the range of values reported by Liu et al. (1997). 
However, the coefficient of determination is not consistently related to the accuracy of the 
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prediction (Willmott, 1982) and model results highly correlated could be biased. Contrasting 
the r2 values with the NS coefficient values, the r2 values are slightly biased. The reason 
behind this, is the way that each one of these indicators is computed. The NS coefficient (see 
Eq. [4]) uses the average of measured events, while r2 uses values from the best regression 
line between measured and predicted values (Steel et al., 1997). This is relevant because the 
NS coefficient compares measured and observed event one to one, and r2 compares observed 
values against the best regression line through the points. Consequently, if the results are 
highly correlated but biased, NS will be smaller than r2. The CRM indicator (Table 5) shows 
a tendency to overestimate runoff since the CRM values are negative. Additionally, the 
overestimation of runoff is greater in watershed 1 than watershed 2. Figure 5 presents runoff 
simulated vs. runoff measured on an event basis for watershed 1. Three outliers deserve 
attention. Those three outliers were also detected in watershed 2, when all events were 
considered in the analysis (Fig. 6). On August 26, 1978 (outlier 1, Fig. 5 and 6) runoff was 
measured in watershed 1, but it was not in watershed 2. The amount of runoff simulated was 
25.3 and 26.2 mm which represented 36.4% and 37.8% of the precipitation (69.4 mm) for 
watershed 1 and 2, respectively. Rain gauges localized in the Four Mile Creek at a distance 
approximately of 4 km of the experimental site showed more rainfall than was measured on 
August 26, 1978 at the experimental site. It seems that the rainfall input used in the model 
was correct. In addition, rainfall occurred in previous days at the experimental site so it is 
possible that the small, or null amount of runoff measured could be attributed at least in part 
to measurement error. On May 29, 1980 (outlier 2, Fig. 5 and 6) runoff was measured in both 
watersheds. The amount of runoff simulated was 28.1 and 27.0 mm, which represent 55.8% 
and 53.5% of the precipitation (50.4 mm) for watershed 1 and 2, respectively. However, the 
measured runoff percentage was 6.1% and 31.2% of the precipitation for watershed 1 and 2, 
respectively. Watershed 1 was chisel plowed almost one month prior to this event, and 
potentially it left some preferential flow paths that increased infiltration, and reduced 
measured runoff. While the presence of preferential paths could have affected the measured 
runoff, WEPP represents soil water infiltration according to the Green and Ampt equation 
that assumes piston flow and does not account for preferential flow paths. In addition, the 
soybean (watershed 1) was planted 8 days prior to this event and hypothetically the planter 
could have affected water field infiltration and this effect was not captured by WEPP.  
 38 
In contrast, on July 14, 1979 (outlier 3, Fig. 5 and 6) the WEPP model under predicted 
runoff only in watershed 1. This event started on July 13 and continued throughout July 14, 
so it was considered as one event, and lumped the simulated and measured values in one 
value. The amount of runoff simulated was 18.7 mm, which represented 30% of the 
precipitation (62.7 mm) for watershed 1 (soybean). However, 55% of the precipitation was 
measured as runoff. However, for watershed 2 WEPP simulated 29.3 mm, which represented 
85% of the measured runoff. While higher simulated runoff was expected with soybean than 
with corn (Ghidey and Alberts, 1996), this response was inverted under the measured 
conditions. The last tillage operation was two months and two weeks previous to this event 
for watershed 1 and 2, respectively. Due to more recent disturbance this may have resulted in 
more infiltration in watershed 2 than watershed 1. 
WEPP overpredicted sediment yield by 1% for watershed 1 and underpredicted sediment 
yield by 28% for watershed 2 when considering mean sediment yield of measured events 
(Table 6). However, WEPP performed better in watershed 2 than watershed 1 when runoff 
was analyzed (Table 5), this aspect should be considered in the analyses because good 
hydrologic estimates are necessary to obtain reasonable erosion estimates (Nearing et al., 
1990). In other words, a small difference between measured and simulated sediment yield 
does not guarantee an accurate representation of the erosion processes. Different model 
performance indices are shown in Table 7. For both watersheds the slope of the regression 
line is different than one. The underprediction of high sediment yield losses agrees with the 
results presented by Cochrane and Flanagan (1999). The intercept is different than zero for 
watershed 1 when just measured events were considered in the regression analysis (Table 7). 
Figures 7 and 8 present sediment yield simulated vs sediment yield measured on an event 
basis for the entire study period. Outlier 1 (May 27, 1978) and outlier 2 (July 13 to July 14, 
1979) appeared in both watersheds (Fig. 7 and 8). Sediment yield measured on May 27, 1978 
(outlier 1, Fig. 7 and 8) increased from watershed 1 (soybean) to watershed 2 (corn), but 
simulated sediment loss differences were in the opposite direction. On the other hand, on July 
13 to July 14, 1979 (outlier 2, Fig. 7 and 8) the relative response to sediment losses between 
measured and simulated sediment yield was similar for both watersheds. Sediment yield was 
overpredicted on May 29, 1980 (outlier 3, Fig. 7), which corresponded to an overprediction 
of runoff on the same day (Fig. 5). The lower measured than simulated sediment yield can be 
 39 
attributed to the effect of chisel plow on surface runoff and erosion (McIsaac et al., 1990). 
On April 19, 1977, WEPP did not simulate runoff, hence it did not simulate sediment yield 
(Fig. 7, outlier 4). However, the watershed was disked on April 19, 1977. In watershed 2, the 
WEPP predicted runoff correctly on July 3, 1979, but simulated sediment yield was 50% of 
measured sediment yield (Fig. 8, outlier 3). Since measured sediment yield was calculated as 
the product of sediment concentration in runoff and amount of runoff in given period of time, 
error in sampling procedure could introduce error in measured sediment yield.  
Analysis of runoff amount by year is presented in Table 8. In both watersheds in any 
given year, WEPP over predicted runoff, but the biggest differences were in 1977 and 1978, 
and in 1980 in watershed 1. Ghidey and Alberts (1996) found that WEPP overpredictions 
increased as measured annual runoff measured decreased. These authors reported that WEPP 
overpredicted amount of runoff after long dry periods due to soil cracking. Their work was 
done in a soil containing montmorillonite, but this is not the case at Four Mile Creek 
watersheds.    
Additional information provided by Baker and Johnson (1982, 1984) including fraction 
of soil covered by canopy and soil water content was analyzed in order to explain the 
differences found. The fraction of soil covered by above ground biomass simulated and 
measured were in agreement in both watersheds (Fig. 9 and 10). Toward the end of the 
growing season some measured points were considerably higher than WEPP simulation. The 
difference was attributed to the fact that the measured points took into account crop residue 
that was on the ground, and WEPP simulation corresponded to growing biomass canopy 
cover.  
Simulated soil water content decreased through the growing season in both watersheds 
(Fig. 10 and 11) due to crop water uptake, but the simulated soil water content was 
consistently lower than the measured soil water content. Soil water content simulated in June 
1976, suggest that WEPP simulated soil water storage adequately. Lower simulated soil 
water content than measured soil water content could suggest fewer simulated runoff. 
However, high-simulated soil crusting could limit soil water infiltration and increase runoff. 
Additionally, measured soil water content seems very large.   
McIsaac et al. (1990) estimated higher values of saturated hydraulic conductivity using 
moldboard plow and chisel plow using runoff plots in the Tama soil than WEPP uses. Those 
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authors reported values that range between 10 and 34 mm hr-1, while the value used in the 
simulation was 1.45 mm hr-1. Although the amount of runoff decreased using higher values 
of hydraulic conductivity, it did not eliminate observation vs. simulation difference observed 
in those years with the highest difference between measured and simulated runoff. The 
WEPP model was not calibrated, because it was assumed that WEPP parameters have been 
extensively validated. However, a calibration procedure could bring explanation to some of 
the differences founded between measured and simulated runoff.   
Given the fact that accurate estimation of soil losses and sediment yield required accurate 
representation of the hydrological processes (Nearing et al., 1990), only data from years with 
accurate runoff simulation are used to simulate phosphorus transport. The NS coefficient was 
the criterion used to select the years to test the phosphorus transport model (Table 9). For 
watershed 1, data from year 1979 was selected and for watershed 2 data from years 1976, 
1979, and 1980 were used to test the phosphorus transport model. The regression analysis 
and goodness of fit indicator for the events selected to test the phosphorus transport model by 
watershed are reported in Table 10.  
 
Phosphorus transport model 
The phosphorus transport model considered amount of total phosphorus in the top 0.15 m 
of soil. Although the depth considered in the model was beyond the soil depth that interacts 
with rainfall (Ahuja et al., 1981) and affects amount of TP transported with sediment, the 
mixing produced by the tillage practices used likely did not stratify phosphorus in the soil. 
However, under no-tillage conditions where phosphorus stratification is likely a shallower 
depth should be considered in the model. Because Baker and Johnson (1982, 1984) did not 
provide TP content in the soil, TP was estimated from values presented in the literature. 
However, phosphorus Bray-I in the soil was measured on several occasions. Mallarino et al. 
(2002) provided a general equation for Iowa that relates phosphorus Bray-I and TP in the top 
0.15 m of soil. Using soil Bray-I phosphorus content measured in both watersheds and the 
relationship provided by Mallarino et al. (2002) TP concentration in the top 0.15 m was 
estimated to range from 530 to 570 ppm. Fenton (1966) measured TP in the top 0.15 m for 
the Tama soil in Four Mile Creek and reported values between 585 and 812 ppm. Lower 
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values correspond to high positions in the landscape. The watersheds under study were 
located in higher landscape positions, so the lowest value was used in the simulations. Soil 
total phosphorus presented by Fenton (1966) was used in the simulations since these likely 
represent more accurately the soil TP content than the general relationship (Mallarino et al., 
2002), but those estimated by Mallarino et al. (2002) are similar to the values used in this 
analysis. 
Table 11 shows the amount of TP bound to sediments measured and predicted by the two 
methods aggregating both watersheds and for each watershed on an event basis. The P-
empirical method used an empirical enrichment ratio relationship while the P-WEPP method 
used the enrichment ratio computed by WEPP. Both methods underpredicted the amount of 
TP bound to sediment. Considering both watersheds, P-empirical method underpredicted TP 
bound to sediments by 25% while P-WEPP method underpredicted by 32%. P-empirical 
method underpredicted sediment bound TP by 22% and 28 % for watershed 1 and 2, 
respectively. P-WEPP method underpredicted sediment bound TP by 28% and 34% for 
watershed 1 and 2, respectively. However, from the t-test we fail to reject the null hypothesis 
that there is no statistically significant difference between the mean measured and simulated 
TP loss. This was the case for both methods (p=0.49 and p=0.40, P-empirical and P-WEPP, 
respectively). Regression analysis and NS coefficient between measured and simulated TP is 
shown in Table 12. The intercept of the regression line did not differ from zero independently 
of the number of points considered in the analysis. The slope of the regression line differed 
from one, which is attributed to sediment underestimation on three events. Those events are 
indicated in Fig 13 and 14, and correspond to outlier 2 in watershed 1 (see Fig. 7), and 
outliers 2 and 3 in watershed 2 (see Fig. 8). 
The P-WEPP method used the WEPP default values for specific surface area, which for 
clay particles is 20 m2 g-1, corresponding to non expansive clay. Although, the model was run 
with a higher clay specific surface area value (200 m2 g-1), the WER did not change for the 
period of analysis considered in this study. 
Overall, both methods coupled with WEPP performed well. The Nash-Sutcliffe 
coefficient was 0.8 and 0.78 for the P-empirical method and P-WEPP method, respectively 
(Table 12). 
 42 
Figure 15 shows the relative sensitivity analysis for the P-empirical method as a function 
of sediment yield. Soil TP is a fairly insensitive model input, while sediment yield is a very 
sensitive input from 0.01 to 10 tt ha-1. This is explained by the fact that the coefficient of 
variation changed with the sediment yield measured. Parameter b relative sensitivity is 
greater than parameter a. Parameter b sensitivity changes from 0.01 to 5 tt ha-1 and it is 
practically constant for sediment yield greater than 5 tt ha-1.   
Table 13 shows deviation sensitivity analysis for the phosphorus transport model as a 
function of sediment yield using the P-empirical method. Deviation sensitivity is the 
difference in TP bound to sediment between the extreme soil TP values, or the extreme 
sediment yield values, or parameters (a, or b) at different sediment yield levels. Soil TP 
deviation sensitivity analysis was carried out considering the extreme values encountered in 
the Tama soil (Fenton, 1966). However, in an individual field the variation on soil TP around 
the mean value is expected to be lower. Using the general relationship provided by Mallarino 
et al. (2002), with data provided by Wittry and Mallarino (2004), and Baker and Johnson 
(1982, 1984) soil TP coefficient of variation ranged between 2% and 10%. Deviation 
sensitivity analyses showed the importance of parameters a and b. The selection of a 
parameter not suitable for the conditions that the model is applied could introduce error in 
phosphorus loss estimation. The same quantity change in parameter b had a greater effect on 
TP losses than in parameter a. The range of soil loss events that generated the equation that 
related enrichment ratio and sediment yields affected the values of parameters a and b 
(Sharpley, 1985). 
The effect of monthly sediment yield on the WEPP enrichment ratio is shown in Fig 14. 
As sediment yield decreases (Fig. 16) enrichment ratio increases. It ranges from 1.00 to 1.97 
at 0.01 tt ha-1, from 1 to 1.74 at 0.1 tt ha-1, and from 1 to 1.12 from 1 to 10 tt ha-1. Soil TP and 
enrichment ratio were insensitive (Fig. 17); in other words a given change in these two inputs 
will produce the same amount of change in model output at different levels of sediment yield. 
However, relative sensitivity to sediment yield changed because sediment yield coefficient of 
variation changed as a function of sediment yield input (Nearing et al., 1999). 
Table 14 shows deviation sensitivity analysis for the phosphorus transport model as a 
function of sediment yield using the P-WEPP method. Deviation sensitivity analysis of TP 
bound to sediment was done at maximum and minimum enrichment ratios for a given 
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sediment yield. Deviation sensitivity of model output when soil TP was changed was done 
using the extreme values presented by Fenton (1966). Deviation sensitivity to soil total 
phosphorus was lower for the P-WEPP method than the P-empirical method (Table 13) for 
sediment yield lower than 1 tt ha-1. Deviation sensitivity to sediment yield was higher for the 
P-WEPP model than the P-empirical method at sediment yields greater than 10 tt ha-1.  
 
CONCLUSIONS AND SUMMARY 
 
The objective of this study was to incorporate and test the ability of WEPP to estimate 
total phosphorus losses with sediments at the small watershed scale. Specifically, two 
methods were compared to estimate phosphorus transport with sediments. One method uses 
an empirical approach to estimate phosphorus enrichment ratio and the other method 
computes enrichment ratio based on WEPP. 
The WEPP model should adequately represent runoff in order to obtain adequate soil 
erosion and sediment yield values, and consequently model phosphorus transport with 
sediments. The WEPP model overpredicted surface runoff and underestimated sediment 
yield at the outlet of a small watershed. However, these results are in a similar range as 
results presented by Liu et al. (1997). The fact that the model underpredicted the big 
sediment yield events can be considered an expected result according to Nearing (1998). 
However, three sediment yield events were outside the range of expected sediment yield 
values considering natural variability (Nearing et al., 1999; Laflen et al., 2004). This work 
testing the WEPP model for these watersheds in Iowa added a new watershed to the set of 
watersheds in which WEPP has been tested. 
 Two methods were developed and tested to estimate phosphorus transport bound to 
sediment at the agricultural watershed outlet. Mean TP bound to sediment was 
underestimated by 25% and 32% for the P-empirical and P-WEPP, respectively. However, 
simulated TP mean was not different than TP measured for both methods. The Nash-Sutcliffe 
coefficient was 0.80 and 0.78 for the P-empirical and P-WEPP method, respectively. The P-
empirical method relies on two empirical parameters that need to be determined and the 
parameters magnitude depend on the range of sediment yield that was used to develop the 
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enrichment ratio equation. It is critical for both methods that WEPP adequately represent the 
biggest sediment yield events so that the procedures tested can adequately simulate 
phosphorus losses bound to sediment. Future testing of the P-WEPP model should include 
other watersheds with different tillage systems, sequence of tillage operations, and soils. 
Further developments of the phosphorus transport model should include a nutrient 
cycling routine into the WEPP model in order to adjust over time the amount of phosphorus 
in the soil. It is suggested that this may include the implementation of the EPIC nutrient 
cycling routines since this would complement the crop growth routines already within the 
WEPP model. 
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Table 1. Monthly and historical rainfall at the experimental site. 
 Precipitation 
 1976 1977 1978 1979 1980 Meana
 mm 
Month  
Jan. 1.5 8.1 25.1 25.8 45.0 20.7
Feb. 49.3 15.2 8.9 6.8 18.0 25.5
Mar. 32.3 79.2 13.2 90.5 32.2 53.6
Apr. 138.5 72.5 126.7 92.7 20.5 77.5
May 28.4 38.8 100.7 60.5 89.2 102.5
June 76.9 42.9 72.9 172.3 108.3 119.8
July 34.1 117.6 82.4 154.4 44.6 114.2
Aug. 13.5 181.1 101.1 135.6 170.4 100.6
Sep. 27.7 95.6 146.4 28.7 84.1 77.9
Oct. 29.3 106.0 34.8 90.6 31.5 59.5
Nov. 0.0 11.6 96.6 33.7 10.7 35.7
Dec. 9.4 34.5 18.7 27.2 12.7 25.4
Total 440.9 803.3 827.5 918.8 667.2 812.8
a Historical mean 1951-1975. 
Source: http//mesonet.agron.iastate.edu/climodat (verified 10 Dec.2006). 
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Table 2. Bulk density values by depth used to compute soil water content in both watersheds. 
Depth (m) Length (m) Bulk density (g.cm-3) 
0-0.01 0.01 1.00
0.01-0.075 0.065 1.30
 0.075-0.15 0.075 1.27
0.15-0.30 0.15 1.23
0.30-0.45 0.15 1.24
0.45-0.60 0.15 1.26
0.60-0.90 0.30 1.30
0.90-1.20 0.30 1.34
 
Table 3. Measured and simulated crop yield by year and for both watersheds. 
 Watershed 1 Watershed 2 
 Crop Mesa. Simb. Crop Mes. Sim. 
  tt ha-1  tt ha-1 
Year    
1976 Sc 2.32 2.97 Cd 7.86 5.30
1977 C 7.34 5.52 S 2.50 2.10
1978 S 2.97 3.51 C 8.14 8.20
1979 C 8.07 8.40 S 2.72 3.70
1980 S 2.78 3.30 C 8.11 8.50
a Measured values. 
b Simulated values. 
c Soybean. 
d Corn. 
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Table 4. Descriptive statistical parameters for runoff amount (mm event-1) by watershed. 
 Measured Simulated 
 Meana SDb Nc Mean SD N 
Watershed 1       
All events 2.36 7.04 77 4.63 8.36 77
Measured 
events 
3.08 7.91 59 5.66 9.24 59
Watershed 2   
All events 3.69 8.57 64 6.07 9.79 64
Measured 
events 
5.24 9.83 45 7.17 11.11 45
a Total amount of runoff divided by number of measured events. 
b Standard deviation. 
c Number of paired observations. 
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Table 5. Regression analysis and indicators of goodness of fit between measured and 
predicted runoff (mm event-1) by watershed. 
 Intercepta Slopeb r2 NSc RMSEd De CRMf Ng 
Watershed 1         
All events 2.54 0.88 0.55 0.25 6.85 0.83 -0.94 77
Measured 
events 
2.99 0.86 0.55 0.25 6.72 0.83 -0.84 59
Watershed 2   
All events 2.33 1.01 0.76 0.62 5.35 0.91 -0.64 64
Measured 
events 
1.73 1.04 0.85 0.77 4.64 0.94 -0.37 45
a Different than zero at P<0.01. 
b Not different than one. 
c Nash-Sutcliffe coefficient. 
c Root mean square error. 
d Index of agreement. 
e Coefficient of residual mass. 
f Number of paired observations. 
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Table 6. Descriptive statistical parameters for runoff amount (mm event-1) by watershed. 
 Measured Simulated 
 Meana SDb Nc Mean SD N 
Watershed 1       
All events 1.22 4.04 50 1.38 3.45 50
Measured 
events 
2.45 5.49 25 2.49 4.64 25
Watershed 2   
All events 1.91 5.94 48 1.48 3.97 48
Measured 
events 
4.36 8.47 21 3.14 5.63 21
a Total amount of runoff divided by number of measured events. 
b Standard deviation. 
c Number of paired observations. 
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Table 7. Regression analysis and indicators of goodness of fit between measured and 
predicted runoff (mm event-1) by watershed. 
 Intercepta Slopeb r2 NSc RMSEd de CRMf Ng 
Watershed 1         
All events 0.47 0.74 0.75 0.75 1.97 0.92 0.13 50
Measured 
events 
0.72 0.72 0.73 0.73 2.78 0.92 0.02 25
Watershed 2   
All events 0.32 0.61 0.84 0.77 2.82 0.91 0.22 48
Measured 
events 
0.52 0.60 0.82 0.74 4.23 0.90 0.28 21
a Different than zero at P<0.01. 
b Not different than one. 
c Nash-Sutcliffe coefficient. 
c Root mean square error. 
d Index of agreement. 
e Coefficient of residual mass. 
f Number of paired observations. 
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Table 8. Measured and simulated runoff amount by watershed (mm year-1). 
 Watershed 1 Watershed 2 
 Measured Simulated Measured Simulated 
Year  
1976 12.86 12.75 21.16 22.69
1977 11.86 35.76 0.88 19.86
1978 7.96 54.97 21.64 40.77
1979 134.30 153.48 126.68 148.53
1980 14.99 80.50 65.53 88.12
ALL 181.97 337.46 235.89 319.97
 
Table 9. Nash-Sutcliffe coefficient by watershed and year. 
 1976 1977 1978 1979 1980 
Watershed  
1 -0.82 -7.90 -84.69 0.85 -11.62
2 0.28 -494.85 -1.04 0.89 0.60
 
Table 10. Regression analysis and indicator of goodness of fit between measured and 
predicted runoff (mm event-1), and simulated sediment yield (tt ha-1event–1) by watershed for 
the events selected to test the phosphorus transport model. 
 Intercept Slope r2 NSa Nb 
Runoff      
Watershed 1  1.72 0.89 0.86 0.85 16 
Watershed 2  1.10 1.07 0.90 0.85 28 
Sediment yield     
Watershed 1 -0.01 0.77 0.91 0.86 11 
Watershed 2  0.54 0.60 0.81 0.72 15 
a Nash-Sutcliffe coefficient. 
b Number of paired observations. 
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Table 11. Measured and simulated descriptive statistical for total phosphorus bound to 
sediment (kg of TP ha-1 event-1) over both watersheds and for each watershed.  
 Measured P-empirical method P-WEPP method 
 
Meana SDb Meana SDb Meana Meanb 
Watershed   
Both 3.36 5.17 2.50 3.75 2.28 3.92
1 2.98 4.74 2.33 3.87 2.11 3.94
2 3.64 5.60 2.62 3.79 2.40 4.04
a Total amount of runoff divided by number of measured events. 
b Standard deviation. 
 
Table 12. Regression analysis and Nash-Sutcliffe coefficient between measured and 
simulated total phosphorus bound to sediment using two methods over both watersheds and 
for each watershed. 
 P-empirical method P-WEPP method 
 Intercept Slope r2 NSa Intercept Slope r2 NSa 
Watershed   
Both 0.36 0.64 0.77 0.80 0.04 0.67 0.77 0.78
1 0.10 0.75 0.84 0.82 -0.14 0.76 0.84 0.81
2 0.50 0.58 0.74 0.80 0.15 0.62 0.73 0.78
a Nash-Sutcliffe coefficient. 
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Table 13. Deviation sensitivity analysis at different sediment yield (tt ha-1) levels for two 
model inputs and parameter a and b, using P-empirical method. 
 Total 
phosphorus 
Sediment 
yield 
Parameter 
a 
Parameter 
b 
SYa   kg of TP ha-1 
0.01 0.01 0.07 0.01 0.03
0.1 0.07 0.20 0.05 0.40
1.0 0.42 0.63 0.32 4.00
5.0 1.53 1.40 1.17 19.79
10.0 2.66 1.98 2.04 39.35
20.0 4.63 2.79 3.55 78.22
30.0 6.40 3.40 4.91 116.88
a Sediment yield. 
 
Table 14. Deviation sensitivity analysis at different sediment yield (tt ha-1) levels for the 
phosphorus model transport inputs using P-WEPP method. 
 Enrichment ratio 
(ER) 
Total phosphorus Sediment yield ER    
 Max Min Max Min Max Min  
SYa   kg of TP ha-1 
0.01 1.97 1.0 0.00 0.00 0.03 0.02 0.00
0.1 1.74 1.0 0.04 0.02 0.15 0.09 0.04
1.0 1.60 1.0 0.36 0.23 0.68 0.43 0.35
5.0 1.60 1.0 1.82 1.14 2.09 1.31 1.75
10.0 1.12 1.0 2.54 2.27 2.37 2.11 0.70
     20.0 1.12 1.0 5.08 4.54 3.83 3.42 1.40
     30.0 1.12 1.0 7.63 6.81 5.07 4.53 2.10
a Sediment yield. 
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Figure 1. Topografic map of watershed 1 and 2. ( Source: Baker and Johnson, 1982) 
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Figure 2. Watershed 1 map as represented by WEPP. 
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Figure 3. Watershed 2 as represented by WEPP. 
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Figure 4. Accumulated and historical rainfall at watershed 1 and 2 by year. 
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Figure 5. Best fit and regression line of runoff simulated vs. runoff measured considering all 
events measured and simulated in watershed 1. Numbers 1-3 are outliers. 
 
Figure 6. Best fit and regression line of runoff simulated vs. runoff measured considering all 
events measured and simulated in watershed 2. Numbers 1-3 are outliers. 
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Figure 7. Best fit and regression line of sediment yield simulated vs. sediment yield measured 
on event-by-event basis for watershed 1. Numbers 1-4 are outliers. 
 
Figure 8. Best fit and regression line of sediment yield simulated vs. sediment measured on 
an event-by-event basis for watershed 2. Numbers 1-3 are outliers.  
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Figure 9. Fraction of soil covered measured and simulated by canopy in watershed 1. 
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Figure 10. Fraction of soil covered measured and simulated by canopy in watershed 2. 
 
 
 
 
 
 
 
 
 66 
 
         
S
oi
l w
at
er
 s
to
ra
ge
 (m
m
)
0
200
400
600
800
                                    
                                    
S
oi
l w
at
er
 s
to
ra
ge
 (m
m
)
0
200
400
600
800
Month
Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec  
Month
Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec  
S
oi
l w
at
er
 s
to
ra
ge
 (m
m
)
0
200
400
600
800
Simulated
Measured
 
 
 
Figure 11. Soil water storage for the 0-1.20 m depth by year for watershed 1. 
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Figure 12. Soil water storage for the 0-1.20 m depth by year for watershed 2. 
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Figure 13. Total phosphorus bound to sediment simulated vs. total phosphorus bound to 
sediment measured using P-empirical method. Numbers indicate outliers. 
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Figure 14. Total phosphorus bound to sediment simulated vs. total phosphorus bound to 
sediment measured using P-WEPP method. Numbers indicate outliers. 
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Figure 15. Relative sensitivity analysis using P-empirical method. SY, TP, a and b are 
sediment yield, total phosphorus, and parameters, respectively.  
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Figure 16. WEPP enrichment ratio as function of monthly sediment yield at the watershed 
outlet. 
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Figure 17. Relative sensitivity analysis using P-WEPP method. TP, ER, and SY are total 
phosphorus, enrichment ratio, and sediment yield, respectively. 
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CHAPTER 3. EFFECT OF DIFFERENT LANDSCAPE 
CONFIGURATIONS ON SEDIMENT YIELD AND 
PHOSPHORUS LOSSES 
 
A paper to be submitted to the Journal of Soil and Water Conservation 
 
Mario Perez-Bidegain, Matthew J.Helmers, Richard M. Cruse 
 
ABSTRACT 
 
The use of different proportions and placement of perennial grasses has been proposed in 
order to reduce soil erosion and water quality problems from crop fields. The Water Erosion 
Prediction Project model (WEPP) allows for accommodating different management practices 
in the landscape and provides the ability to evaluate the impacts of many management 
practices which might not be feasible in a field research setting due to time and cost 
constraints. The WEPP watershed model was used in this study where the objectives were: 
(1) to evaluate the effect of different proportions of perennial vegetative cover localized at 
the bottom of the hillslope on sediment yield and total phosphorus loss with sediment, and 
(2) to evaluate the effect of different locations and proportions of perennial vegetative cover 
on sediment yield and total phosphorus loss with sediment. Two hypotheses are related to the 
objectives. The first hypothesis is that increasing the amount of perennial cover located at the 
bottom of the hillslope will reduce sediment yield and phosphorus loss within a corn-soybean 
rotation at the watershed scale. The second hypothesis is that the strategic placement of 
perennial cover strips distributed in the hillslopes will reduce sediment yield and phosphorus 
export from the watershed compared to the same proportion of perennial cover located at the 
bottom of the hillslope. Six and five scenarios were defined to address the first and second 
objective, respectively. The same baseline scenario was used to address both objectives. This 
scenario corresponded to a corn soybean rotation. Cornstalks were tilled with a moldboard 
plow in the spring for planting soybean, and soybean stubble was disked in the spring in 
preparation for corn planting. Weed control was completed mechanically early in the 
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growing season. For the first objective the scenarios were: 2.5% (2.5_B scenario), 5% (5_B 
scenario), 10% (10_B scenario), 15% (15_B scenario), and 20% (20_B scenario) of the area 
converted to perennial cover and placed at the bottom of the hillslope. The second objective 
included 10% of perennial cover at the bottom of the hillslope (10_B scenario), 10% of 
perennial cover with 50% at the bottom of the hillslope and the other 50% at 40 m upslope 
(10_S scenario), 10% of perennial cover where WEPP simulated maximum detachment 
(10_WEPP scenario), and 20% of perennial cover with 50% at the bottom of the hillslope 
and the other 50% at 40 m upslope (20_S scenario). The inclusion of perennial cover at the 
bottom of the hillslope decreased the amount of sediment delivered to the channel; the 
reduction modeled compared to the baseline scenario was in the range of published field 
work. However, sediment yield and phosphorus losses at the watershed scale were affected 
by erosion in the channels. Doubling the amount of perennial cover from 10% to 20% placed 
at the bottom of the hillslope reduced the amount of sediments and total phosphorus with 
sediment on average by 34% and 32%, respectively. With 20% perennial cover, sediment 
yield was reduced on average by 38% and 74% compared to the baseline scenario for the 
20_S and 20_B scenarios, respectively. This preliminary modeling work suggested that 
placement at the bottom may provide the greatest benefit, but some of this may be due to 
how WEPP models multiple crops at the hillslope scale. 
 
INTRODUCTION 
 
Soil erosion remains the main mechanism of soil degradation and loss of productivity in 
the Midwest and United States (Lal, 1987; Fenton et al., 2005). Soil erosion not only has an 
in-situ effect, but also the eroded materials carry nutrients, pesticides, bacteria, and other 
materials that affect water quality off site. In order to reduce on-site and off-site effects due 
to soil erosion, different management practices have been proposed. 
Numerous authors have proposed the use of different amounts and placement of perennial 
species in the landscape in order to reduce transport of sediments, nutrients, and 
agrochemicals to water bodies. Management practices included vegetative filter strips 
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(Dillaha et al., 1989), grass barriers (Kemper et al., 1992), a combination of the two (Blanco-
Canqui et al., 2006) and multispecies riparian buffers (Schultz et al., 1995).  
Vegetative filter strips are bands of perennial vegetation located downslope of cropland 
with a common width that ranges between 4.5 and 15 m. Grass barriers are narrow hedges of 
perennial species, spaced on a vertical interval no more than 1.8 m. The multispecies riparian 
buffer strip consists of a zone of herbaceous adjacent to the cropland, followed by a zone of 
fast growing shrubs and trees, and a zone adjacent to the stream of native trees if available. 
Eghball et al. (2000) concluded that the placement of narrow hedges (< 1.0 m) of 
switchgrass (Panicum virgatum L.) reduced the amount of phosphorus and nitrogen losses in 
surface water runoff. Total phosphorus in sediments and NH4-N in runoff were reduced 
between 28% and 43%, and 39% and 62%, respectively. The reduction depended on the 
tillage system (no-tillage or disk tillage) and phosphorus and nitrogen source (manure or 
commercial fertilizer). Gilley et al. (2000) reported a two-fold reduction in soil loss using 
narrow hedges of switchgrass compared without narrow hedges on corn planted with no-
tillage and disk tillage. After 10 years, Rachman et al. (2004) found that soil bulk density was 
lower and saturated hydraulic conductivity was higher within the grass hedge than in the 
cropped zone, consequently soil water infiltration increased in the grass hedge zone.  
Vegetative buffer strips removed sediment and phosphorus (Abu-Zreig et al., 2003) and 
nitrogen attached to sediments; however the trapping efficiency decreased if concentrated 
flow developed (Dillaha et al., 1989; Blanco-Canqui et al., 2004; Kim et al., 2006). In spite 
of the fact that under field conditions concentrated flow may develop, Helmers et al. (2005) 
reported an average sediment trapping efficiency of 80% in a condition with a small degree 
of in-filter concentration. Vegetative buffer strips have potentially higher saturated hydraulic 
conductivity than the adjacent crop area, and potentially this change in physical properties 
could enhance water infiltration (Seobi et al., 2005).  
Bharati et al. (2002) observed higher cumulative infiltration under a grass filter used as 
control than a switchgrass filter in an established multispecies riparian buffer. The grass filter 
was composed of smooth brome (Bromus inermis Leysser), timothy (Phleum pretense L), 
and Kentucky bluegrass (Poa pratensis L). Lee et al. (2003) found that a 7 m switchgrass 
buffer zone removed more than 92% of the sediment and a full multispecies riparian buffer 
removed 97% of the sediments. They also concluded that the multispecies riparian buffer was 
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effective in removing soluble nutrients even under the most intense storm events (> 75 mm 
hr-1). These studies considered the effect of perennial grasses on soil and nutrient transport. 
However, the use of perennial species within the landscape can also have a positive impact 
on biodiversity and animal habitat (Samson and Knopf, 1994; Bultena et al., 1996). 
Modeling simulation studies suggest that conversion to perennial cover could improve 
water quality (Nassauer et al., 2002; Vache et al., 2002). However, these studies considered 
extensive watersheds, on the order of square kilometers. The use of a field-scale model can 
improve the understanding of the system, help make decisions at the field-scale level, and 
identify future research needs. While the use of a modeling approach does not preclude field 
research, it allows combining different soil types, crops, and management practices that are 
not feasible to study completely in a field research setting.  
The Water Erosion Prediction Project model (WEPP; Flanagan and Nearing, 1995) is a 
field scale and small watershed scale model, which is process-based, continuous, and allows 
a spatial distribution of management practices. These model characteristics make WEPP a 
suitable tool to study the on-site and off-site effects of different landscape configurations. 
Das et al. (2004) used the WEPP model to evaluate the effect of buffer strips located at the 
bottom of the hillslope in a regional study. They suggested that WEPP can be used to 
estimate the efficiency of vegetative buffer strips on sediment reduction located in different 
zones. 
While the transformation of part of the landscape from row crops to perennial cover 
could reduce the amount of sediments and nutrients with runoff water, a complete 
transformation seems unrealistic in Iowa and the Midwest. Lovell and Sullivan (2006) did an 
extensive literature review about the environmental benefits, social and economics issues 
related to buffer adoption and the importance of the aesthetic quality of buffers. They 
concluded that watershed scale research is necessary to better understand the effects of buffer 
zones, and there is a need for more clearly defined and targeted goals for buffers. Asbjornsen 
et al. (2006) hypothesized that the inclusion of a small amount of perennial grass strategically 
placed in the landscape can improve water quality, increase biodiversity, and improve 
environmental services. They proposed to convert 10% and 20% of the area in a corn-
soybean rotation to perennial grasses. In addition they proposed different placement of the 
perennial grasses.  
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The WEPP model allows accommodating different management practices in the 
landscape, and different authors have reported the benefits of including perennial grasses 
within a crop rotation in order to reduce sediment losses and water quality problems. 
Considering these two previous aspects, it is hypothesized that increasing the amount of 
perennial cover located at the bottom of the hillslope will reduce sediment yield and 
phosphorus losses within a corn-soybean rotation at the watershed scale. Additionally, it is 
also hypothesized that the strategic placement of perennial cover will reduce sediment yield 
and phosphorus losses with sediment at the watershed scale compared to the same proportion 
of perennial cover located at the bottom of the hillslope. 
This study had two objectives. The first objective was to evaluate the effect of different 
proportions of perennial vegetative cover localized at the bottom of the hillslopes on 
sediment yield and total phosphorus losses with sediment at the watershed scale using the 
WEPP model. The second objective was to evaluate the effect of different locations and 
proportions of perennial vegetative cover proposed by Asbjornsen et al. (2006) on sediment 
yield and total phosphorus losses with sediment using the WEPP model.  
 
MATERIAL AND METHODS 
 
The WEPP watershed interface, version 2006.5, was used for this research (Ascought II 
et al., 1997). The WEPP files used in this study are those reported in the material and 
methods section of chapter 2 of this thesis. The vegetative perennial strip file (grass) 
corresponded to the default file included in the WEPP model. 
Three channels and seven hillslopes represented watershed 1 (Fig. 1). Channel 1 is fed by 
channel 2 and 3 and by hillslopes 1 and 2 (H_1 and H_2, respectively). Channel 2 is fed by 
hillslopes 3 and 4 (H_3, and H_4, respectively). Channel 3 is fed by hillslopes 5, 6, and 7 
(H_5, H6, and H_7, respectively). Three channels and seven hillslopes represented watershed 
2. The sequence of hillslopes that feed each channel is the same as in watershed 1. However, 
channel 3 feeds channel 2 and then channel 2 feeds channel 1(Fig. 2). 
Six scenarios were defined in order to study the effect of different proportions of 
perennial vegetative cover localized at the bottom of each hillslope on sediment yield and 
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phosphorus losses. The baseline scenario corresponds with the existing conditions of the 
watersheds, a corn-soybean rotation. These crops alternated between sites during the study. 
Cornstalks were tilled with a moldboard plow in the spring for planting soybean, and 
soybean stubble was disked in the spring in preparation for corn planting. Weed control was 
completed mechanically early in the growing season. Soybean and corn was the first crop in 
the rotation for watershed 1 and 2, respectively (Johnson and Baker, 1982 and 1984). The 
other scenarios included the placement of a perennial cover strip at the bottom of each 
hillslope. The proportion of land converted to perennial vegetative cover was 2.5%, 5%, 
10%, 15%, and 20%. These proportions defined the scenarios 2.5_B, 5_B, 10_B, 15_B, and 
20_B, respectively. Table 1 shows the width of the strip localized at the bottom of each 
hillslope for both watersheds. 
 Five scenarios were defined to study the effect of different locations and proportions 
of perennial vegetative cover on sediment yield and total phosphorus losses. The baseline 
scenario was described previously. The remaining scenarios were those proposed by 
Asbjornsen et al. (2006). 
Those scenarios consisted of a fixed amount of land converted to perennial grasses. From 
this, the width of the perennial strips changed on each hillslope in order to adjust the 
percentage of land that is converted to perennial grasses.  
The scenarios proposed by Asbjornsen et al. (2006) were: 
• 10% of perennial grasses at the bottom of each hillslope (10_B), 
• 10% of perennial grasses with 50% at the hillslope bottom and the other 50% at 
40 m upslope (10_S), 
• 20% of perennial grasses with 50% at the hillslope bottom, and the other 50% at 
40 m upslope (20_S). 
In case the length of hillslope does not allow the placement of a second perennial strip 
(scenarios 10_S, and 20_S), only the bottom strip was used in the simulation. Table 2 shows 
the length of each hillslope and the width of the strip for each hillslope for both watersheds. 
The fifth scenario corresponded to 10% of the area converted to perennial cover, but it 
was located in each hillslope where the WEPP model simulates maximum soil detachment 
(10_WEPP). Hillslope 1 showed maximum soil detachment at 28.0 m from the bottom of the 
hillslope at watershed 1. The remainder hillslopes in watershed 1 showed maximum soil 
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detachment at the bottom of each hillslope, consequently they were modeled as in the 10_B 
scenario. For watershed 2, hillslopes 1, 2, 3, 5, and 7 showed maximum soil detachment at 
19.2, 18.0, 15.3, 11.8, and 49.8 m from the bottom of each hillslope, respectively. Appendix 
3 shows the configuration of each scenario and watershed. 
WEPP was run in continuous mode for the 5-yr period. The event-by-event watershed 
output, the abbreviated monthly average for subwatershed output, and the event-by-event 
output for each hillslope were used in the analysis of the different scenarios. 
Phosphorus losses with sediments were estimated for each scenario according to the 
P_WEPP method described earlier. This method is described in the material and methods 
section of chapter 2 of this thesis. The total phosphorus concentration for this study was set 
to 585 ppm for 0-0.15 m depth.  
The variables studied were total runoff volume (TV), and total amount of sediment (TSY) 
at the watershed outlet for each scenario. Mean runoff (mm event-1) was computed as TV 
divided by the watershed area and the number of events that corresponded to the baseline 
scenario. Sediment yield (kg ha-1 event-1) was computed as TSY divided by the watershed 
area and the number of events that corresponded to the baseline scenario. 
Sediment yield by hillslope (kg m-1) is the total amount of sediment per unit width over 
the 5-yr period. The total amount of sediment that moves from the hillslope to the channel is 
the product of the hillslope sediment yield times the lenght of the hillslope. 
 
RESULTS AND DISCUSSION 
 
Effect of vegetative strip proportions on sediment yield and phosphorus losses 
Total volume runoff (Table 3) and mean runoff by event increased in both watersheds 
(Fig. 3 and 4) with 2.5% of the area converted to perennial grasses, and declined afterward as 
the amount of perennial cover increased (Fig. 5). Total volume runoff under the 2.5_B 
scenario was 6.7% and 4.9% greater than the baseline scenario for watershed 1 and 2, 
respectively. All scenarios, with the exception of the baseline scenario, were represented by 
two overland flow element (OFE). An OFE is an area of uniform cropping, management and 
soil characteristics (Alberts et al., 1995) in a given hillslope. WEPP computes a weighted 
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average saturated conductivity under multiple OFEs (Stone et al., 1995) in order to simulate 
infiltration. The average takes into account the length of the actual OFE and the length of the 
immediately above OFE with non-zero runoff. This procedure produces the effect that a 
perennial strip could have a saturated hydraulic conductivity lower than the same perennial 
strip with an OFE without runoff above it. At the 2.5_B scenario the weighed saturated 
conductivity average will be close to the saturated conductivity of the cropped area as a 
consequence of the low weight that the vegetative strip would have on the weighted saturated 
hydraulic conductivity. In addition, when reviewing the modeled soil water content for 
certain rainfall events the soil water content in the perennial strip was greater then the soil 
water content in the cropped area, hence reducing infiltration and increasing runoff. This 
procedure used by WEPP could produce an increase on surface runoff at low percentage of 
perennial cover compared to the baseline scenario. 
Total amount of sediment (Table 4) and mean sediment yield increased at the watershed 
outlet under scenarios 2.5_B and 5_B compared to the baseline scenario in watershed 1 (Fig. 
6). However, for watershed 2 sediment yield decreased as the amount of perennial vegetative 
cover increased (Fig. 7). The relative change on sediment yield was higher in watershed 2 
than watershed 1 (Fig. 8). The year 1979 produced the greatest contribution of sediments 
overall period. In 1979, soybean was planted in watershed 2 resulting in a bigger sediment 
yield under the baseline scenario for watershed 2. 
At the hillslope level, sediment yield decreased as the amount of perennial cover 
localized at the bottom of the hillslopes increased for all hillslopes and both watersheds (Fig. 
9 and 10). Sediment yield reduction ranged between 20% and 47%, and 70% and 90% for the 
2.5_B and 20_B scenario, respectively compared to the baseline scenario. Modeled results at 
the 20_B scenario agree with field scale measurement carried out by Helmers at al. (2005). 
They measured an average sediment trapping efficiency of 80% in a condition with a small 
degree of in-filter concentration. Dillaha et al. (1989) reported a reduction in sediment yield 
with different vegetative strip width between 53% and 98% compared with the treatment 
without vegetative filter. 
Figures 11 and 12 show sediment yield by channel and scenario for both watersheds. 
Channel 2 and 3 showed deposition under the baseline scenario in watershed 1.Greater and 
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cleaner water is running into the channels in the 2.5_B and 5_B scenario than the baseline 
scenario for watershed 1 there was a small increase in sediment yield at the watershed outlet. 
Mean TP losses (Fig. 13) and TP relative change respect to the baseline scenario (Fig. 14) 
showed the same pattern than sediment yield. The relative reduction modeled was in the 
range of values reported by Dillaha et al. (1989). They reported a reduction between 49% and 
95% in a field plot study. There is a lack of small watershed studies that compare the effect 
of different proportions of perennial cover included in a corn-soybean rotation. 
 
Effect of vegetative strip proportions and locations on sediment yield and phosphorus 
losses 
Total volume runoff decreased in both watersheds with the placement of perennial 
grasses in the landscape (Table 5). The maximum total volume reduction was 14.3% and 
18.6% of the baseline scenario when 20% of the watershed was converted to perennial 
grasses in watershed 1 and 2, respectively (Fig. 15). Among the scenarios with 10% of the 
watershed converted to perennial grasses the 10_B scenario and the 10_S had the lowest and 
the highest TV, respectively. The effect of crop sequence in each watershed was studied 
using the sequence of crop and tillage operations of one watershed in the other watershed 
(Table 6). When watershed 1 had watershed 2 crops sequence and visa versa, the maximum 
TV reduction was 13.5% and 17.1% of the baseline scenario when 20% of the watershed was 
converted to perennial grasses.  
These various scenarios are represented in WEPP by a different number of OFEs. The 
10_B scenario is formed by two OFEs, the 10_WEPP scenario by three OFEs, and the 10_S 
and 20_S by four OFEs (see Appendix 3). The parameters needed to simulate infiltration 
under multiple OFEs are computed using a length-weighted average (Stone et al., 1995). In 
order to compute the saturated hydraulic conductivity and infiltration for a given OFE, the 
average takes into account the length of the actual OFE and the length of the immediately 
above OFE with non- zero runoff. This procedure produces the effect that a perennial strip 
could have a saturated hydraulic conductivity lower than the same perennial strip with an 
OFE without runoff above it. It is suggested that this effect could be the reason for 
differences detected in runoff among the same percentage of perennial cover. The mean 
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runoff by event at the watershed outlet was lower in watershed 1 (Fig. 16) than in watershed 
2 (Fig. 17) for all scenarios considered. The mean runoff increased from watershed 1 to 
watershed 2 by 16.2, 12.9, 13.7, 26.3 and 10.9% for the baseline, 10_S, 10_B, 10_WEPP and 
20_S scenario, respectively.  
Udawatta et al. (2002) reported a 10% reduction in surface runoff from a 3-yr field study 
in a 4.44 ha watershed implemented with 4.5 m grass-legumes strips at 36.5 m intervals when 
the strip system was compared to a control without strips The strip area was approximately 
10% of the total watershed area. Their study was equivalent to the 10_S scenario. However, 
the small difference found between the baseline scenario and the 10_S could have been 
explained by the procedure that WEPP uses to simulate infiltration with multiple OFEs.  
The 10_S and the 10_B scenario produced the highest and lowest amount of sediment, 
respectively, at the watershed outlet over the 5-yr period (Table 7, Fig. 18). Normalized by 
the number of events that produced sediment yield the sediment yield per event is shown in 
Fig. 19 and 20 for watershed 1 and 2, respectively. While the 20_S scenario reduced the 
amount of runoff compared with the other scenarios, sediment yield was higher than the 
10_B scenario. This finding was further studied by breaking the scenario analyses by 
hillslopes and channels. Sediment yield by hillslope in watershed 1 is shown in Fig. 21. 
Hillslopes 3, 4, 6, and 7 showed a reduction in sediment yield when the amount of perennial 
increased from 10% at the bottom (10_B scenario) to 20% in two strips (20_S scenario). On 
the other hand, hillslopes 1, 2 and 5 showed an increase in sediment yield with 20_S 
compared to the 10_B scenario. The 10_WEPP scenario on hillslope 1 showed the highest 
sediment yield. Fig. 22 shows sediment yield by hillslope for watershed 2. Sediment yield 
decreased when comparing the 20_S scenario to the 10_B scenario in all hillslopes, except 
hillslopes 2 and 5. It was observed that in some of the hillslopes with multiple OFEs and for 
some rainfall events the peak runoff computed for the OFE between grass strips was 
extremely high. The peak runoff is used in the soil erosion component to compute the interrill 
erosion parameter and the rill deposition parameter (Foster et al., 1995). Those extremely 
high peak runoff rates could have produced high erosion rates, and consequently an increase 
in sediment yield in hillslopes with multiple OFEs. From reviewing the hillslope data most 
hillslopes had lower sediment yield with the 20_S scenario than the 10_B scenario (Fig. 21 
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and 22). For example, the 20_S scenario and the 10_B scenario deposited 23 and 18 tt ha-1 in 
channel 1 for watershed 2. 
Sediment yield by channel for watershed 1 is shown in Fig. 23. The baseline scenario was 
the only scenario that showed sediment deposition in all channels. Channel 3 showed erosion 
under the remaining scenarios. Watershed 2 (Fig. 24) showed deposition for all scenarios in 
channel 1, but channels 2 and 3 showed erosion in all scenarios. Notice that the baseline 
scenario deposited more sediment in channel 1 in watershed 2 (145 tt ha-1) than in watershed 
1 (61 tt ha-1). Despite the reduction observed in the majority of the hillslopes with scenario 
20_S, sediment yield at the watershed outlet increased with respect to scenario 10_B due 
more channel deposition in the 10_B scenario. 
The response of sediment yield under the different scenarios was studied considering the 
ten highest rainfall events. The total number of runoff events was 63, 53, 56, 54, 50 for the 
baseline, 10_B, 10_S, 10_WEPP, and 20_S scenario, respectively, for watershed 1. In case of 
watershed 2, the total number of runoff events was 59, 51, 58, 51, and 48 for the baseline, 
10_B, 10_S, 10_WEPP, and 20_S scenario, respectively. The rainfall amount for the highest 
and lowest rainfall event of these ten was 78.8 and 40.9 mm, respectively. There was a return 
period associated with them of 5-yr and 5-mo for the highest and lowest rainfall event, 
respectively. The years 1978, 1979, and 1980 contributed to the highest rainfall events. The 
contribution of those ten events as a percentage of the total sediment yield for each scenario 
over the 5-yr period is presented in Table 8. Four events during 1979 made the highest 
contribution. Those four events represented 78%, 77%, and 69% of the ten highest rainfall 
events for the baseline, 10_B, and 20_S scenario in watershed 1, respectively. For watershed 
2, they represented 80%, 81%, and 78% of the ten highest rainfall events for the baseline, 
10_B, and 20_S scenario, respectively. The difference between watersheds was attributed to 
different crops in each watershed. Watershed 1 was planted with corn, and watershed 2 was 
planted with soybean in 1979. 
The mean TP losses by ha and event is shown in Fig. 25, for all scenarios in each 
watershed. The relative change in phosphorus losses (Fig. 26) was similar to the relative 
changes in sediment yield. Since the relationship between sediment yield and the phosphorus 
enrichment ratio was logarithmic a given reduction in sediment yield did not give the same 
reduction in soil TP losses. For example, 20.1% and 37.4% reduction in sediment yield, 
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represented a 17.3% and 36.2% reduction on soil TP losses for the 10_B scenario in 
watershed 1 and 2, respectively. At the small watershed scale Udawatta et al. (2002) 
measured an 8% reduction of total phosphorus bound to sediment over a 3-yr period, but 
these reductions changed from year to year, with a maximum of 26% and minimum of 3.7%. 
Lack of published studies at the same scale of this work, constrain the comparison of the 
simulated values obtained with measured values.  
 
CONCLUSIONS AND SUMMARY 
 
The first objective was to evaluate the effect of different proportions of perennial 
vegetative cover localized at the bottom of the hillslope on sediment yield and total 
phosphorus losses with sediment at the watershed scale using the WEPP model. The second 
objective was to evaluate the effect of different locations and proportions of perennial 
vegetative cover proposed by Asbjornsen et al. (2006) on sediment yield and total 
phosphorus losses with sediment using the WEPP model. 
Considering the first objective of this work, simulated runoff decreased with perennial 
cover greater than 10% for both watersheds. Doubling the amount of perennial cover from 
10% to 20% placed at the bottom of the hillslope gave an average of an additional 13% 
runoff reduction. However, for the 2.5_B and 5_B scenario in watershed 1, WEPP simulated 
more runoff than in the baseline scenario. This may be attributed in part to the procedure that 
WEPP uses to compute infiltration parameters with multiple OFEs. WEPP simulated 
sediment yield reduction at the hillslope scale was within the range reported in the literature. 
At the watershed scale, WEPP simulated sediment yield reduction and phosphorus losses 
with sediment in both watersheds for perennial grasses greater than 10%. However, the 
2.5_B and 5_B scenario produced more sediment at the watershed outlet for watershed 1 as 
consequence of the sediment channel contribution. From this modeling effort it was evident 
that reduction of sediment yield from the hillslope should be linked to channel management 
practices that reduce channel erosion. 
Considering the second objective of this work, the results showed that 10% perennial 
cover at the bottom of each hillslope reduced the total amount of water at the watershed 
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outlet between 12.5% and 14.5% compared with the baseline scenario. If the amount of 
perennial is doubled and distributed in two strips (20_S scenario), the additional reduction 
was between 1.8% and 4.5%. 
Sediment yield did not follow the same pattern as runoff when the 10_B scenario and 
20_S scenario were compared. The 20_S scenario showed a smaller reduction in sediment 
yield than the 10_B scenario when both were compared to the baseline scenario at the 
watershed outlet. This difference is attributed to a different contribution of sediment from the 
channels. The difference observed among scenarios with 10% of the area converted to 
perennial grasses deserves future study. It is hypothesized that the difference detected among 
10% scenarios may be caused by the procedure that WEPP uses to compute infiltration with 
multiples OFEs (Stone et al., 1995). In addition, scenarios with multiple OFEs presented high 
peak runoff rates for some rainfall events and hillslopes. This aspect could affect erosion rate, 
consequently future study of the WEPP hydrology component under multiple OFEs is 
necessary. 
The 20_S scenario had a greater amount of TP at the outlet than the 10_B scenario due to 
a greater contribution of sediments from the channel. While 20% of the area converted to 
perennial, in general, reduced sediment yield to channels, this did not result in less TP at the 
watershed outlet as a consequence of channel erosion. This preliminary modeling work 
suggests that placement at the bottom may provide the greatest benefit, but some of this may 
be due to how WEPP models multiple OFEs. The implementation of a landscape 
configuration like 10_S or 20_S may have benefits in terms of biodiversity, wildlife refuge, 
or environmental services. Those aspects were out of the scope of this work, but they are 
included in the hypothesis presented by Asbjornsen et al. (2006).From the results WEPP 
appears reasonable to simulate  the impact of perennial cover located at the bottom of the 
hillslope on water quality at watershed scale when compared to published literature.. 
However, caution is required when the proportion of perennial cover is smaller than 10%. It 
is suggested that refinement in the model is necessary to use with multiple OFEs localized 
across the landscape. 
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Table 1. Perennial strip width at the bottom of each hillslope in both watersheds. 
 Scenarios 
 2.5_B 5_B 10_B 15_B 20_B 
Watershed 1  
H_1 1.3 2.6 5.2 7.8 10.4
H_2 1.6 3.1 6.2 9.3 12.4
H_3 1.7 3.4 6.8 10.2 13.6
H_4 1.5 2.9 5.8 8.7 11.6
H_5 1.5 1.8 5.9 8.9 11.8
H_6 0.9 1.8 3.5 5.3 7.1
H_7 1.7 3.4 6.8 10.2 13.6
Watershed 2  
H_1  
H_2 1.9 3.7 7.5 11.2 15.0
H_3 1.6 3.2 6.4 9.5 12.7
H_4 1.0 2.0 4.1 6.1 8.2
H_5 2.1 4.2 8.4 12.7 17.0
H_6 1.2 2.5 4.9 7.4 9.8
H_7 1.4 2.8 5.5 8.3 11.0
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Table 2. Hillslope length and perennial strip width for each hillslope in both watersheds. 
 Hillslope 
Length 
Width of perennial strip 
  Aa Bb 
Watershed 1 m 
H_1 108.4 5.19 2.60 
H_2 108.4 6.24 3.12 
H_3 121.8 6.75 3.38 
H_4 121.8 5.76 2.88 
H_5 105.9 5.90 2.95 
H_6 105.9 3.53 1.77 
H_7 105.9 6.80 3.40 
Watershed 2    
H_1 264.0 6.19 3.10 
H_2 264.0 7.49 3.75 
H_3 58.4 6.37 3.19 
H_4 58.4 4.08 2.04 
H_5 85.2 8.43 4.22 
H_6 85.2 4.93 2.47 
H_7 85.2 5.53 2.77 
a Includes scenarios 10_B, 10_WEPP, and 20_S. 
b Includes scenario 10_S. 
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Table 3. Total runoff volume (m3) and percentage of the baseline scenario over 5-yr for each 
scenario in both watersheds.  
 Watershed 1 Watershed 2 
 Volume % Volume % 
Scenarios     
Baseline 17955 100.0 22719 100.0
2.5_B 19205 106.7 23822 104.9
5_B 17771 98.9 22018 96.9
10_B 15718 87.5 19427 85.5
15_B 14435 80.4 17588 77.4
20_B 13523 75.3 16215 71.4
 
 
Table 4. Total amount of sediment (kg) and percentage of the baseline scenario over 5-yr for 
each scenario in both watersheds. 
 Watershed 1 Watershed 2 
 Sediment % Sediment % 
Scenarios  
Baseline 347909 100.0 416022 100.0
2.5_B 373977 107.5 346279 83.2
5_B 359476 103.3 315105 75.7
10_B 278066 79.9 260348 62.6
15_B 262941 75.6 211496 50.8
20_B 131289 37.7 156848 37.7
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Table 5. Total runoff volume (m3) and percentage of the baseline scenario over 5-yr for each 
scenario in both watersheds. 
 Watershed 1 Watershed 2 
 Volume % Volume % 
Scenarios  
Baseline 17955 100.0 22719 100.0
10_B 15718 87.5 19427 85.5
10_S 17903 99.7 21955 96.6
10_WEPP 15997 89.1 21961 96.6
20_S 15386 85.7 18503 81.4
 
 
Table 6. Total runoff volume (m3) and percentage of the baseline scenario over 5-yr using 
watershed 1 crop sequence in watershed 2 and visa versa. 
 Watershed 1 Watershed 2 
 Volume % Volume % 
Scenarios     
Baseline 20043 100.0 20437 100.0
10_B 16957 84.6 17935 87.8
10_S 18714 93.4 20915 102.3
10_WEPP 17189 85.8 20243 99.0
20_S 15327 76.5 17759 86.9
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Table 7. Total amount of sediment (kg) and percentage of the baseline scenario over 5-yr for 
each scenario in both watersheds. 
 Watershed 1 Watershed 2 
 Sediment % Sediment % 
Scenarios  
Baseline 347909 100.0 416022 100.0
10_B 278066 79.9 260348 62.6
10_S 374315 107.6 441428 106.1
10_WEPP 308725 88.7 380792 91.5
20_S 287548 82.7 271791 65.3
 
 
Table 8. Sediment yield (kg) and percentage of the total sediment yield of each scenario for 
the ten biggest rainfall events by scenario and both watersheds. 
 Watershed 1 Watershed 2 
 Sediment % Sediment % 
Scenarios     
Baseline 228958 66.0 292631 70.0
10_B 206958 74.0 214364 82.0
10_S 255622 68.0 313849 71.0
10_WEPP 216912 70.0 261730 69.0
20_S 216340 75.0 216772 80.0
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Figure 1. Watershed 1 map as represented by WEPP. 
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Figure 2. Watershed 2 as represented by WEPP. 
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Figure 3. Mean runoff by event for all scenarios with perennial cover at the bottom of the 
hillslope over 5-yr period for watershed 1. 
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Figure 4. Mean runoff by event for all scenarios with perennial cover at the bottom of the 
hillslope over 5-yr period for watershed 2. 
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Figure 5. Relative runoff change at the watershed outlet for all scenarios with perennial cover 
at the bottom of the hillslope over 5-yr period for both watersheds. 
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Figure 6. Mean sediment yield by event for all scenarios with perennial cover at the bottom 
of the hillslope over 5-yr period for watershed 1. 
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Figure 7. Mean sediment yield by event for all scenarios with perennial cover at the bottom 
of the hillslope over 5-yr period for watershed 2. 
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Figure 8. Relative sediment yield change at the watershed outlet for all scenarios with 
perennial cover at the bottom of the hillslope over 5-yr period for both watersheds. 
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Figure 9. Sediment yield by hillslope for all scenarios with perennial cover at the bottom of 
the hillslope over 5-yr period for watershed 1. 
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Figure 10. Sediment yield by hillslope for all scenarios with perennial cover at the bottom of 
the hillslope over 5-yr period for watershed 2. 
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Figure 11. Annual sediment yield by channel and scenarios with perennial cover placed at the 
bottom of the hillslope for watershed 1. 
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Figure 12. Annual sediment yield by channel and scenarios with perennial cover placed at the 
bottom of the hillslope for watershed 2. 
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Figure 13. Mean total phosphorus losses with sediment by scenario with perennial cover at 
the bottom of the hillslope over 5-yr period for both watersheds. 
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Figure 14. Relative total phosphorus change at the watershed outlet for all scenarios with 
perennial cover at the bottom of the hillslope over 5-yr period for both watersheds. 
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Figure 15. Relative runoff change at the watershed outlet for different scenarios over 5-yr 
period for both watersheds. 
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Figure 16. Mean runoff by event for different scenarios over 5-yr period for watershed 1. 
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Figure 17. Mean runoff by event for different scenarios over 5-yr period for watershed 2. 
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Figure 18. Relative sediment yield change at the watershed outlet for different scenarios over 
5-yr period for both watersheds. 
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Figure 19. Mean sediment yield by event for different scenarios over 5-yr period for 
watershed 1. 
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Figure 20. Mean sediment yield by event for different scenarios over 5-yr period for 
watershed 2. 
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Figure 21. Sediment yield by hillslope for different scenarios over 5-yr period for  
watershed 1. 
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Figure 22. Sediment yield by hillslope for different scenarios over 5-yr period for  
watershed 2. 
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Figure 23. Sediment yield by channel and different scenarios for watershed 1. 
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Figure 24. Sediment yield by channel and different scenarios for watershed 2. 
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Figure 25. Mean total phosphorus losses with sediment for different scenarios over 5-yr 
period for both watersheds. 
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Figure 26. Relative total phosphorus change at the watershed outlet for different scenarios 
over 5-yr period for both watersheds. 
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CHAPTER 4. GENERAL CONCLUSIONS 
 
This dissertation had the following objectives. The first objective was to incorporate and 
test the ability of WEPP to estimate phosphorus losses with sediment at the watershed scale. 
The second objective was to study the effect of different landscape configurations on 
sediment yield and phosphorus losses using the WEPP model. 
The WEPP model simulated phosphorus losses bound to sediment using two methods. 
Total phosphorus bound to sediment at the watershed outlet was simulated as the product of 
TP in the soil, amount of sediment at the watershed outlet, and an enrichment ratio factor. 
One method (P-empirical) considered the use of an empirical phosphorus enrichment ratio, 
and the other method (P-WEPP) estimated enrichment ratio based on the ratio of specific 
surface area of the sediment over the in-situ soil. There were no statistical differences 
between phosphorus losses estimated by the two methods and the measured phosphorus 
losses bound to sediment. The use of an empirical relationship required two unknown 
parameters. Parameter b introduced the greatest error in the amount of TP bound to sediment 
estimated with the P-empirical method. However, accurate phosphorus loss estimations 
required that WEPP adequately represent soil erosion and sediment yield for both methods. 
The WEPP model allowed studying the effect of different landscape configurations on 
sediment yields and phosphorus losses. Doubling the amount of perennial cover from 10% to 
20% placed at the bottom of the hillslope reduced the amount of sediments and total 
phosphorus with sediment on average by 34% and 32%, respectively. At 20% perennial 
cover, sediment yield was reduced on average by 38% and 74% compared to the baseline 
scenario for the 20_S and 20_B scenarios, respectively. This preliminary modeling work 
suggested that placement at the bottom may provide the greatest benefit, but some of this 
may be due to how WEPP models multiple crops at the hillslope scale. 
 This finding showed the complexity of extrapolating the effects of soil management 
practices on sediment yield and phosphorus losses from the hillslope scale to the watershed 
scale. Field studies that compare different amounts of perennial cover integrated within the 
row crop system are necessary to confirm or reject the results found in this study.  
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RECOMMENDATIONS FOR FUTURE RESEARCH 
 
Future research efforts should include the use of the P-WEPP method under different 
tillage systems, crops sequence, and soils. It also should include the incorporation of a 
nutrient cycling component that allows accounting for the interaction between plant up-take, 
residue decomposition and soil phosphorus content. A nutrient cycling component will allow 
adjusting dynamically the amount of phosphorus in the soil. A nutrient cycling component 
similar to what is implemented in the EPIC model should be considered.  
Other research effort should include studing the method that WEPP uses to compute the 
hydrological parameters with multiple OFEs. It is suggested by the results obtained in this 
study that the differences found in runoff and sediment yield could be attributed to the 
procedure used by WEPP. 
The effect of vegetative strips on runoff and soil erosion has been studied immediately 
below the filter strip. However, field work that evaluates run off and soil erosion at different 
distances from the edge of the perennial strip could be used to evaluate modeled results. 
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APPENDIX 1. SETTINGS USED BY WEPP 
 
A. Settings used by WEPP to generate the precipitation breakpoint data file. 
Minimum time between storms: 6 hs 
Default time to trigger: 1 hs 
Sample interval: 1 min 
Minimum amount: 1 mm 
 
B. Sequence of operations and crops used for watershed 1. 
Date Operation type Name 
4/5/1976 Tillage Plow, moldboard 8” 
5/18/1976 Tillage Disk, offset-finishing 7-9” spacing 
5/19/1976 Tillage Planter, double disk openers 
5/19/1976 Plant – Annual Soybean 
6/28/1976 Tillage Row cultivator sweeps 
9/23/1976 Harvest – Annual Soybean 
4/19/1977 Tillage Disk, offset-finishing 7-9” spacing 
5/2/1977 Tillage Harrow-spike tooth 
5/2/1977 Tillage Planter, double disk openers 
5/2/1977 Plant – Annual Corn 
6/9/1977 Tillage Row cultivator sweeps 
10/28/1977 Harvest – Annual Corn 
11/17/1977 Tillage Disk, tandem-light after harvest, before other tillage 
4/5/1978 Tillage Plow, moldboard 8” 
5/10/1978 Tillage Field cultivator, secondary tillage 
5/16/1978 Tillage Disk, offset-finishing 7-9” spacing 
5/17/1978 Tillage Planter, double disk openers 
5/17/1978 Plant – Annual Soybean 
6/27/1978 Tillage Row cultivator sweeps 
7/11/1978 Tillage Row cultivator sweeps 
9/28/1978 Harvest – Annual Soybean 
5/4/1979 Tillage Disk, tandem-light after harvest, before other tillage 
5/5/1977 Tillage Harrow-spike tooth 
5/7/1977 Tillage Planter, double disk openers 
5/7/1977 Plant – Annual Corn 
10/25/1977 Harvest – Annual Corn 
4/17/1980 Tillage Chisel plow 
5/19/1980 Tillage Disk, offset-finishing 7-9” spacing 
5/20/1980 Tillage Harrow-spike tooth 
5/21/1980 Tillage Planter, double disk openers 
5/21/1980 Plant – Annual Soybean 
6/11/1980 Tillage Row cultivator sweeps 
7/8/1980 Tillage Row cultivator sweeps 
9/30/1980 Harvest – Annual Soybean 
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C. Sequence of operations and crops used for watershed 2. 
Date Operation type Name 
4/2/1976 Tillage Disk, tandem-light after harvest, before other tillage 
4/28/1976 Tillage Disk, offset-finishing 7-9” spacing 
4/28/1976 Tillage Planter, double disk openers 
4/28/1976 Plant – Annual Corn 
6/7/1976 Tillage Row cultivator sweeps 
6/19/1976 Tillage Row cultivator sweeps 
10/22/1976 Harvest – Annual Corn 
11/9/1976 Tillage Disk, offset-primary cutting>9” 
3/31/1977 Tillage Plow, moldboard 8” 
5/9/1977 Tillage Field cultivator, secondary tillage 
5/9/1977 Tillage Planter, double disk openers 
5/9/1977 Plant – Annual Soybean 
6/9/1977 Tillage Row cultivator sweeps 
6/21/1977 Tillage Row cultivator sweeps 
9/16/1977 Harvest – Annual Soybean 
5/1/1978 Tillage Disk, tandem-light after harvest, before other tillage 
5/2/1978 Tillage Disk, tandem-finishing 7-9” spacing 
5/2/1978 Tillage Planter, double disk openers 
5/2/1978 Plant – Annual Corn 
6/22/1978 Tillage Row cultivator sweeps 
10/22/1978 Harvest – Annual Corn 
11/9/1978 Tillage Disk, offset-primary cutting>9” 
4/18/1979 Tillage Plow, moldboard 8” 
5/17/1979 Tillage Disk, tandem-light after harvest, before other tillage 
5/18/1979 Tillage Field cultivation 
5/19/1979 Tillage Planter, double disk openers 
5/19/1979 Plant – Annual Soybean 
6/16/1979 Tillage Disk, offset-finishing 7-9” spacing 
6/16/1979 Tillage Planter, double disk openers 
6/16/1979 Plant – Annual Soybean 
6/29/1979 Tillage Row cultivator sweeps 
7/20/1979 Tillage Row cultivator sweeps 
10/8/1979 Harvest – Annual Soybean 
4/30/1980 Tillage Disk, tandem-light after harvest, before other tillage 
5/3/1980 Tillage Harrow-spike tooth 
5/4/1980 Tillage Planter, double disk openers 
5/4/1980 Plant – Annual Corn 
10/14/1980 Harvest – Annual Corn 
10/30/1980 Tillage Chisel plow 
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D. Parameters used in channels with outlet for watershed 1 and 2. 
Parameter Value Units 
Channel shape Naturally eroded  
Control section at outlet Rating curve at outlet  
Friction slope calculation method CREAMS  
Inverse slope of the channels banks 19.99 m m-1 
Manning roughness coefficient for bare soil in channel 0.04  
Total Manning roughness coefficient allowing for vegetation 0.15  
Channel erodibility factor 0.0071 s m-1 
Channel critical shear stress 3.5 N m-2 
Depth to nonerodibile layer in mid-channel 0.5 m 
Depth to nonerodibile layer on sides 0.1 m 
Control structure slope 0.01 % 
Control structure average inverse side slope 4.0 m m-1 
Control structure Manning roughness coefficient 0.04  
Rating curve coefficient 0.4687  
Rating curve exponent 0.0785  
Minimum depth required for discharge 0.001 m 
Management Grass  
 
 
E. Parameters used in channels without outlet for watershed 1 and 2. 
Parameter Value Units 
Channel shape Naturally eroded  
Control section at outlet No control structure  
Friction slope calculation method Friction slope equal to  
bed slope 
 
Inverse slope of the channels banks 19.99 m m-1 
Manning roughness coefficient for bare soil in channel 0.04  
Total Manning roughness coefficient allowing for vegetation 0.15  
Channel erodibility factor 0.0071 s m-1 
Channel critical shear stress 3.5 N m-2 
Depth to nonerodibile layer in mid-channel 0.5 m 
Depth to nonerodibile layer on sides 0.1 m 
Control structure slope 0.01 % 
Control structure average inverse side slope 4.0 m m-1 
Control structure Manning roughness coefficient   
Rating curve coefficient   
Rating curve exponent   
Minimum depth required for discharge  m 
Management Grass  
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F. Total phosphorus calculations. 
Area (ha) 5.83
a 2
b -0.2
TP(ppm) 585
TP(kg TP/kg soil) 0.000585
Day Month Year Sediment Yield ER-Emp ER-WEPP TP measured P-Empirical P-WEPP
(kg/ha) (kg/ha) (kg/ha) (kg/ha)
29 5 1976 2648.63 1.53 1.11 2.64 2.37 1.72
13 6 1976 145.99 2.73 1.24 0.05 0.23 0.11
15 8 1977 200.22 2.56 1.28 0.12 0.30 0.15
17 4 1978 0.45 8.68 1.35 0.11 0.00 0.00
27 5 1978 4102.14 1.40 1.10 1.37 3.36 2.64
31 5 1978 0.45 8.68 1.10 0.10 0.00 0.00
12 6 1979 21956.21 1.00 1.08 13.56 12.85 13.87
27 6 1979 2754.75 1.52 1.08 3.74 2.44 1.74
3 7 1979 15186.45 1.08 1.09 18.36 9.57 9.68
13 7 1979 1367.72 1.74 1.09 8.84 1.39 0.87
19 8 1979 74.25 3.12 1.11 0.03 0.14 0.05
21 8 1979 1301.53 1.76 1.11 0.11 1.34 0.85
29 5 1980 6532.92 1.28 1.09 2.94 4.87 4.17
2 6 1980 3109.38 1.48 1.13 2.79 2.69 2.06
13 6 1980 74.08 3.12 1.13 1.02 0.14 0.05
6 8 1980 1323.77 1.75 1.10 0.14 1.36 0.85  
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APPENDIX 2. MEASURED AND SIMULATED DATA 
 
A. Measured and simulated runoff, and sediment yield by watershed. 
          Runoff  Sediment yield 
Watershed Day Month Year Precip Simulated Measured Simulated Measured 
          mm tt ha-1 
                  
1 17 4 1976 35.7 0.1 0.0 0.00 0.00 
1 18 4 1976 25.5 0.0 0.0 0.00 0.00 
1 20 4 1976 25.8 0.1 0.1 0.00 0.00 
1 23 4 1976 26.4 0.1 0.6 0.00 0.00 
1 24 4 1976 7.6 0.0 0.0 0.00 0.00 
1 29 5 1976 30.7 12.4 3.9 4.96 1.83 
1 13 6 1976 35.6 0.0 8.2 0.00 0.76 
1 28 7 1976 27.9 0.0 0.0 0.00 0.00 
1 19 9 1976 27.7 0.0 0.0 0.00 0.00 
1 2 4 1977 7.8 0.0 0.0 0.00 0.00 
1 19 4 1977 20.1 0.0 4.7 0.00 3.87 
1 4 5 1977 16.2 0.0 0.0 0.00 0.00 
1 17 6 1977 20.6 5.3 0.0 1.07 0.00 
1 6 7 1977 26.2 4.5 0.0 0.42 0.00 
1 15 7 1977 19.0 0.4 0.0 0.06 0.00 
1 28 7 1977 30.0 7.7 0.0 0.71 0.00 
1 1 8 1977 16.3 0.1 0.0 0.00 0.00 
1 5 8 1977 17.8 1.7 0.1 0.06 0.78 
1 8 8 1977 15.0 0.0 0.1 0.00 0.00 
1 9 8 1977 12.0 0.0 0.0 0.00 0.00 
1 15 8 1977 35.7 11.6 4.8 1.33 0.00 
1 25 8 1977 19.3 5.8 0.7 0.32 0.00 
1 26 8 1977 19.3 0.0 0.1 0.00 0.00 
1 27 8 1977 13.0 0.0 0.0 0.00 0.00 
1 28 8 1977 15.0 0.0 0.2 0.00 0.00 
1 31 8 1977 15.8 3.2 0.2 0.13 0.00 
1 17 9 1977 34.9 11.8 0.2 0.57 0.00 
1 18 9 1977 13.9 1.5 0.3 0.00 0.00 
1 7 10 1977 27.0 0.0 0.0 0.00 0.00 
1 23 10 1977 34.3 0.3 0.2 0.01 0.00 
1 24 10 1977 8.1 0.0 0.0 0.00 0.00 
1 31 10 1977 15.0 0.0 0.3 0.00 0.00 
1 9 4 1978 17.3 0.0 0.6 0.00 0.00 
1 17 4 1978 54.0 0.8 0.7 0.00 0.08 
1 18 4 1978 16.4 0.3 0.1 0.00 0.00 
1 13 5 1978 22.3 0.1 1.2 0.00 0.00 
1 27 5 1978 28.4 13.0 0.2 6.07 0.33 
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A. (continued) 
1 31 5 1978 14.8 0.0 0.0 0.00 0.04 
1 15 6 1978 24.0 0.0 0.9 0.00 0.09 
1 20 6 1978 20.0 0.0 3.5 0.00 0.29 
1 26 8 1978 69.4 25.3 0.1 1.20 0.00 
1 13 9 1978 50.7 6.1 0.2 0.06 0.00 
1 19 9 1978 23.3 6.7 0.2 0.06 0.00 
1 20 9 1978 28.8 1.9 0.2 0.01 0.00 
1 1 4 1979 15.2 0.2 0.0 0.02 0.00 
1 19 4 1979 19.9 3.2 0.2 0.03 0.00 
1 20 4 1979 36.1 1.7 1.2 0.01 0.09 
1 25 4 1979 13.7 0.0 0.0 0.00 0.00 
1 2 5 1979 25.9 0.2 0.0 0.01 0.00 
1 4 6 1979 17.3 4.5 1.2 0.84 0.10 
1 9 6 1979 17.0 0.0 0.0 0.00 0.01 
1 12 6 1979 61.5 42.9 36.2 20.57 23.88 
1 18 6 1979 11.4 0.7 0.5 0.01 0.05 
1 27 6 1979 40.9 20.2 12.9 5.61 3.36 
1 3 7 1979 78.8 34.6 34.3 9.25 13.85 
1 14 7 1979 62.7 18.7 34.8 2.19 8.81 
1 19 8 1979 70.7 7.8 2.9 0.08 0.30 
1 21 8 1979 28.4 11.9 8.6 0.66 0.83 
1 18 10 1979 14.9 0.7 0.0 0.00 0.00 
1 22 10 1979 64.5 1.1 1.6 0.00 0.04 
1 29 5 1980 50.4 28.1 3.1 7.23 0.44 
1 30 5 1980 10.0 0.0 0.1 0.00 0.00 
1 2 6 1980 39.2 17.6 9.2 3.42 1.33 
1 6 6 1980 10.0 0.0 0.3 0.00 0.00 
1 7 6 1980 6.0 0.0 0.8 0.00 0.07 
1 13 6 1980 20.1 2.4 0.0 0.08 0.03 
1 15 6 1980 16.0 0.8 0.3 0.02 0.00 
1 16 7 1980 29.2 3.3 0.0 0.16 0.00 
1 6 8 1980 58.4 16.2 0.5 1.41 0.05 
1 10 8 1980 14.0 0.0 0.0 0.00 0.00 
1 11 8 1980 22.4 4.6 0.4 0.31 0.00 
1 16 8 1980 43.2 5.8 0.2 0.01 0.00 
1 19 8 1980 7.0 0.0 0.0 0.00 0.00 
1 4 9 1980 26.7 2.6 0.0 0.01 0.00 
1 9 9 1980 11.4 0.4 0.0 0.03 0.00 
1 12 9 1980 17.3 2.4 0.0 0.01 0.00 
1 16 10 1980 19.1 3.1 0.0 0.02 0.00 
2 16 4 1976 3.0 0.0 0.1 0.00 0.00 
2 17 4 1976 35.7 0.0 1.3 0.00 0.00 
2 18 4 1976 25.5 0.0 0.0 0.00 0.00 
2 20 4 1976 25.8 0.1 0.6 0.00 0.00 
2 23 4 1976 26.4 0.1 6.0 0.00 0.00 
2 24 4 1976 7.6 0.0 0.0 0.00 0.00 
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A. (continued) 
2 29 5 1976 30.7 14.9 11.4 2.64 3.99 
2 13 6 1976 35.6 7.6 1.8 0.15 0.05 
2 19 9 1976 27.7 0.0 0.0 0.00 0.00 
2 2 4 1977 7.8 0.0 0.0 0.00 0.00 
2 19 4 1977 20.1 0.0 0.0 0.00 0.00 
2 17 6 1977 20.6 5.3 0.0 0.70 0.00 
2 6 7 1977 26.2 4.8 0.0 0.39 0.00 
2 15 7 1977 19.0 1.2 0.0 0.03 0.00 
2 28 7 1977 30.0 6.3 0.0 0.43 0.00 
2 1 8 1977 16.3 0.1 0.0 0.01 0.00 
2 5 8 1977 17.8 3.0 0.0 0.05 0.00 
2 15 8 1977 35.7 11.0 0.8 0.20 0.17 
2 25 8 1977 19.3 5.9 0.0 0.03 0.00 
2 31 8 1977 15.8 2.9 0.0 0.02 0.00 
2 17 9 1977 34.9 11.7 0.0 0.08 0.00 
2 18 9 1977 13.9 1.2 0.1 0.10 0.00 
2 23 10 1977 34.0 0.0 0.0 0.00 0.00 
2 31 10 1977 15.0 0.0 0.0 0.00 0.00 
2 5 4 1978 27.0 0.0 0.1 0.00 0.00 
2 9 4 1978 17.3 4.6 1.0 0.01 0.00 
2 17 4 1978 54.0 1.4 3.2 0.00 0.10 
2 18 4 1978 16.4 0.6 2.1 0.01 0.00 
2 13 5 1978 22.3 0.1 0.0 0.00 0.00 
2 27 5 1978 28.4 13.7 10.2 4.10 1.84 
2 31 5 1978 14.8 0.0 0.7 0.00 0.14 
2 15 6 1978 24.0 0.0 2.4 0.00 0.16 
2 20 6 1978 20.0 0.0 1.9 0.00 0.10 
2 26 8 1978 69.4 26.2 0.0 2.03 0.00 
2 27 8 1978 10.4 0.0 0.0 0.00 0.00 
2 13 9 1978 50.7 8.1 0.0 0.10 0.00 
2 19 9 1978 23.3 7.8 0.0 0.10 0.00 
2 20 9 1978 28.8 4.6 0.0 0.01 0.00 
2 1 4 1979 15.2 0.1 0.0 0.00 0.00 
2 19 4 1979 19.9 0.0 0.0 0.00 0.00 
2 20 4 1979 36.1 0.6 0.0 0.01 0.00 
2 2 5 1979 25.9 0.2 0.0 0.00 0.00 
2 4 6 1979 17.3 4.0 0.0 0.69 0.00 
2 12 6 1979 61.5 43.7 35.8 21.92 22.84 
2 27 6 1979 40.9 13.2 12.7 2.75 5.96 
2 3 7 1979 78.8 47.3 40.3 15.16 32.20 
2 14 7 1979 62.7 29.3 34.3 6.13 13.69 
2 19 8 1979 70.7 0.9 0.8 0.07 0.03 
2 21 8 1979 28.4 11.5 1.8 1.30 0.12 
2 22 10 1979 64.5 0.2 1.1 0.00 0.41 
2 29 5 1980 50.4 27.0 15.8 6.74 4.20 
2 30 5 1980 10.0 0.0 0.8 0.00 0.00 
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A. (continued) 
2 2 6 1980 39.2 17.6 20.6 3.25 3.76 
2 6 6 1980 10.0 0.0 1.0 0.00 0.00 
2 7 6 1980 6.0 0.0 1.7 0.00 0.44 
2 13 6 1980 20.1 3.2 2.8 0.08 1.33 
2 15 6 1980 16.0 1.5 5.6 0.04 0.00 
2 16 7 1980 29.2 3.9 0.0 0.08 0.11 
2 6 8 1980 58.4 19.2 15.1 1.35 0.00 
2 11 8 1980 22.4 5.9 1.4 0.23 0.00 
2 16 8 1980 43.2 6.2 0.5 0.02 0.00 
2 19 8 1980 7.0 0.0 0.0 0.00 0.00 
2 4 9 1980 26.7 4.2 0.1 0.05 0.00 
2 9 9 1980 11.4 0.4 0.0 0.04 0.00 
2 12 9 1980 17.3 3.3 0.1 0.01 0.00 
2 16 10 1980 19.1 1.2 0.0 0.00 0.00 
 
B. Measured and simulated total phosphorus bound to sediment for both watersheds. 
    P_bound to sediment 
Watershed Month Year Precip Measured P-empirical PWEPP 
    kg ha-1 
       
1 29 5 1976 1.14 3.90 3.19 
1 13 6 1976 0.64 0.00 0.00 
1 19 4 1977 2.19 0.00 0.00 
1 5 8 1977 0.59 0.12 0.04 
1 17 4 1978 0.07 0.00 0.00 
1 27 5 1978 0.22 4.59 3.83 
1 31 5 1978 0.03 0.00 0.00 
1 15 6 1978 0.07 0.00 0.00 
1 20 6 1978 0.25 0.00 0.00 
1 20 4 1979 0.08 0.02 0.00 
1 4 6 1979 0.09 0.95 0.52 
1 9 6 1979 0.01 0.00 0.00 
1 12 6 1979 14.09 12.18 12.61 
1 18 6 1979 0.04 0.03 0.01 
1 27 6 1979 2.34 4.31 3.44 
1 3 7 1979 8.93 6.43 5.73 
1 14 7 1979 6.17 2.03 1.36 
1 19 8 1979 0.26 0.14 0.05 
1 21 8 1979 0.69 0.78 0.43 
1 22 10 1979 0.04 0.01 0.00 
1 29 5 1980 0.34 5.28 4.48 
1 2 6 1980 1.03 2.90 2.18 
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B. (continued) 
1 7 6 1980 0.06 0.00 0.00 
1 13 6 1980 0.02 0.14 0.05 
1 6 8 1980 0.04 1.43 0.90 
2 29 5 1976 2.64 2.36 1.72 
2 13 6 1976 0.05 0.23 0.11 
2 15 8 1977 0.12 0.30 0.15 
2 17 4 1978 0.11 0.00 0.00 
2 27 5 1978 1.37 3.35 2.64 
2 31 5 1978 0.10 0.00 0.00 
2 15 6 1978 0.14 0.00 0.00 
2 20 6 1978 0.09 0.00 0.00 
2 20 4 1979 0.00 0.00 0.00 
2 12 6 1979 13.56 12.83 13.85 
2 27 6 1979 3.74 2.44 1.74 
2 3 7 1979 18.36 9.55 9.67 
2 13 7 1979 8.84 4.67 3.95 
2 19 8 1979 0.03 0.14 0.05 
2 21 8 1979 0.11 1.34 0.84 
2 22 10 1979 0.00 0.00 0.00 
2 29 5 1980 2.94 4.87 4.16 
2 2 6 1980 2.79 2.69 2.05 
2 7 6 1980 0.33 0.00 0.00 
2 13 6 1980 1.02 0.14 0.05 
2 6 8 1980 0.14 1.36 0.85 
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APPENDIX 3. MAPS 
 
 
Figure 1. Scenario 10_B for watershed 1. 
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Figure 2. Scenario 10_S for watershed 1. 
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Figure 2. Scenario 10_WEPP for watershed 1. 
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Figure 3. Scenario 20_S for watershed 1. 
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Figure 5. Scenario 10_B for watershed 2. 
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Figure 6. Scenario 10_S for watershed 2. 
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Figure 7. Scenario 10_WEPP for watershed 2. 
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Figure 8. Scenario 20_B for watershed 2. 
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